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the source are compared with known, exact band levels at the
source for three sound propagation pathlengths, two slopes
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EVALUATION OF ALTERNATIVE PROCEDURES FOR
ATMOSPHERTC ABSORPTION ADJUSTMENTS
DURING NCGISE CERTIFICATION 4

; VOLUME 1:  ANALYSES AND RESULTS

1. INTRODUCTION

d . To certify the noise of au aircraft, the only approved procedure for

adjusting measured sound pressure levels for differences between atmospheric

absorption under test and acoustical-reference conditions uses the method in

the Socicty of Automotive Lngincers (SAE) Aerospace Recommended Practice ARP866A
v for calculating atmospheric sound absorption coefficlents. That atmospheric=~

absorption model was developed by the SAE A-21 Committce in 1962 and 1963 and

published in 1964, 1t was re-issuced in 1975 as ARPB66A' and is used to adjust

U et

Mrom tesit=to-relference couditions in Part 36 of the Federal Aviation Regulations
(IFARZOY and in Annex 16 to the International Standards and Recommended Practices
of the International Civil Aviation Organization. ARP866A is also incorporated
in International Standard 1S 3891 as part of the procedure recommended hv the

[nternational Standards Organization for describing noise around an airport.

e At L ki ik e x a ke

The American National Standard Method for the Calculation of the Absurption !
of Sound by the Atmosphere, ANST $1.26-1978,7 was published in 1978, It contains

a series of equations that permit calculation of the atmospheric sound absorption

3 cacfficient for a pure-tone sound with a frequency between 40 and 1,000,000 Hz
1 (at an air pressurc of one standard atmospherce). The equations are stated to

be applicable {or air temperatures between 0° and 40° €, relative humidities

i between 10 and 100 percent, and air pressures less than 2 atmospheres. The
analytical expressions that form the basis for the calculation method were

g C validated by laboratory tests® over a wide range of atmospheric conditions

-« and frequencies, specifically frequencies from 4000 to 100,000 Hz at 1/12-

b octave intervals, temperacares from =17.8° C to +37.8° C at 5.6° C intervals,

and relative humiditices from 0 to 100 percent at lO-percentage-point intervals,

: The analytical model iv ARP866A for atmospheric absorption is based on air-

' craft [lyover noise data and an earlicer and less-complete theorcvtical understand-

PR T PP L S ety i mciradols ko a e e Sl S e e admes s Fy .




Ing of the various physical mechanisms than the analvtical model fn ANST 81,06,
In ARPB66A the analytical model fs applied to broadband sound spoctra analvied
by 1/3-or l/l-octave-band Tilters without ropard for spectral shape or propaga-

tion distance, Attenuation over a pathlenpgth is calculated by determining an

ibsorption coefficient (at a particular frequency) and multiplying by the dis-

tance. The nominal band coenter frequency is used for caleulations at center

A

frequencies co 4000 Hz, To allow for the rapid high-frequency spectral rolloff

rate of ten encountered in measurements of aircraft noise, absorptirn coefficients

for 1/3-octave bands with center frequencies from 5000 to 10,000 hz are calculated

using the nominal lower bandedge frequency for those bands.

Section 5 of ANSI $1.206-1978 provides penceral puidance on how to apply the
purc=tone caleculation method of the Standard to the problem of caleulating the
absorption loss expericenced by a sound with enerpy distributed over o wide fre-
quency range and analyzed by fractional-octave=band filters, 1t recommends

evaluation of a pair of intepgrals over a range of frequency for each band. The

BT s T NG IR PR e e

pressure spectral density of the sound must be known. Additional guidance is

el

plven in Appendix I of the Standard reparding a method for numerically evaluating
the integrals of Scction 5 when it is necessary to consider the power transmis-
ston response of practical 1/3-octave-band {ilters and when (e pressure spectral

density of the sound at the beginnine of the propagation path can be approximated

2

by a functlon proportional Lo frequency to sone power,

A sLudy“ was conducted for the FAA in 1977 to develop a digital computer
program, In the extended FORTRAN IV programming lanpuage, that was capable of

1 calculating adjustment factors to be applied to 1/3-octave-band sound pressure

e B Tl it R

levels to account for differences in atmospheric absorption losses experienced

under test and reference meteorvlogical conditions over an assumed sound propaga-

dea T

tion path., The program computed pure-tone atmospheric absorption losses by the

LN

method (o the then-proposed, but essentially final, version of ANST S1,26-1978,

The inteprals were numerically cvaluated by the approximation scheme outlined in

Appendix B ol the Standard and, 1o more detail, in Ref. 3. The pressure speetral
% . density of the sound at the microphene was estimated by a simple power tunction

over the theoretical bandwidth of 1/3-octave-band filters. The slope £ of the line

e g —— e e
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(or the exponent of the aormalized (requency, normalized by the exact band
geometric mean fioquency, fc) wis obtained from the difference batween the
level in the band below and the level in the band above the band ol interest.
Thus, at a general frequency f

tional to (fj/f )

the pressure spectral density was propor-

N

The numerical integration procedure developed for the computer program
! in the 1977 study“ used the proredure described in Refs. 2 and 3 for approxi-

mnting the frequency dependence of atmosplieric absorption by a power function

/l over small ranges of logarithmically spaced frequency from f, to

j+] B!

fi+l' WILh those approximiations for the absorption function aned the sound

.o pressure spectral density, the pencral Integral expression could be replaced
by a summation of integrals cach of which could be integrated exactly in

\ ' closed form,

“ The power transmission response of the 1/3-octave-band filters was
assumed Lt Ref. 4 to be that of ideal filters because the objective of the
analysis and the computer program was to start with 1/3-octave-band sound
pressurc levels measured at some receiver location and to calculate an
adjustment factor to be added to the measured band levels in order to deter-
mine what the band levels would have been had the sound propagated through
an atmosphere with acoustlical-reference meteorological conditions rather
than the actual meteorological conditions existing on the day when the band

N levels were measured.  The assur,. .- n that the filter response was that of

an ideal filter was considered to be most appropriate for that problem,

The assumption of ideal filter-transmission characteristics was justi-
fied on the grounds that (1) the pressure svectral density has to be estimated
from measured band levels, (2) there is no unique, one-to-one relationship

. hetween a set of measured band levels and the true pressure spectral density
o of the sound that impinges on the microphone, and (3) there is no way of

1 knowing how much, {I any, the indicated band-level value is influenced by Q
energy transmitted in the stopband frequency ranges due to inadequate

; ‘ filter-rejection capabilitv.
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The assumption of ideal filters was also considered to be consistent
with the other assumptions regarding the approximation of the absorption
function, the adequacy of the number of horizontal layers into which the
atmosphere had been sabdivided and over which test=day meteorclopiceal
condft long conld be assumed to be constant, and the Tenpgth of the sound propa-
it bon path. The sound propagat fon path was assamed to be o siople stralpht line
from an equivalent source loeation to the microphone, neglecting auy hending
(refraction) of the direction of propagation as a result of tempevature
gradients or winds. The alrcraft was assumed to be always far enough away
that the various complex noise sources could be replaced by a single
equivalent acoustic source located at an aircraft reference point. The
true pressure spectral density of the aircraft noise signal was assumed to

be continuous with no pure-tone components.

Given those assumptions, the atmospheric absorption model of ANSI §1.26-1978
was applied, using the specific nunerical {nie,ootion method deseribed above,
to cabeabate band adjustment factors lor differences boetween atmosphoerice
absorption lossces unlor test=day and acoustical=reference=day meteorological
conditions,  The method was appiied te L/1-octave-bhand sound pressure
levels from simulated level-0light alveraft [lyover nolse measurements, Vach
set of 24 loevels was assumed to be complete with no band levels missing
beceause of contamination by high-level hackground nolse. Two test cases
with dif lerent spectral shapes, propagation pathlengths, and test-day meteor-
ological conditlons were examined as a means of checking out the computer

program and {llustrating the magnitude of the band-adjustment factors,

The scope of the 1977 study in Ref. 4 was limited, as {ndicated above,
essentially to the development ol a computer program to use the atmospheric
absorption mode! of ANSE ST.206-14978 and to implement the general recommendations
ol the standard regarding the calculation of atmospheric absorption loss for
a band ol noise, To satisty the Timited objective, 1t was not necessary to
fnclude the capablility ot examining 1/3-octave-band sound pressure levels at
0.5-s intervals throughout o Tlvover, or to calculate any psychoacoustical
measures, or to develop a method of estimating pressure spectral density
functions when a complete set of 24 band levels (for center frequencies

from 50 to 10,000 Hz) was not available because of contamination by background
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noise, or to evaluate differences botween the method and atrernative methids
of calceulating abhsorption~loss adjustment factors. However, the program
that was developed did consider the problem of calculating absov«iion

losses over sepments of the sound propagation path through horizontal

layers of the atmosphere defined by the heights where meteorological

data were measured.

Paragraph (d)(2) of Section A36.9 of Appendix A of FAR 36° requires
use of a "layered-atmosphere' procedure for calculating atmospheric-absorp-
tion adjustment factors when the atmospheric-absorption coefficient at
3150 Hz over the sound propagat ion path from the aircraft to the microphone
varies by more than ! 0,23 dB/100 m from the value calculated using the
alr temperature and relative humidity measured near the microphone at a
height of 10 m above the pround surface at the time of the measurement .,
The layered-atmosphere procedure requires that the atmosphere he divided
fnto horizontal strata no thicker than 30.5 m (100 Tt). The average air
temperature and relative humidity must be computed for each layer from
measurements made as a functlon of height above the ground SJ}fare within
25 minutes of the noise measurement and interpolated to the time of the
measurement.  The average temperatures and relative humidities must be
used to calculate averape absorption coefficients for each layer. An average
attenuation rate over the total propagation path must be calculated from the
ratio ol the sum of the attenuations over the segments of the path
to the total propagation pathlenpth, ‘hat average attenuation rate (instead
of the rate calceulated simply from the ajr temperature and relative
humidity measured at the 10 m height) must then he usced in making the
absorption adjustments in accordance with Paragraph (d) of Section AY6.11
of Appendix A All absorption coeffilcients are to be caleulated using
SAE ARPB6H6A-1975,

The purpose ot the studv described in this report was to employ
actualy measured aireralt noise and accompanving meteorological data in a
comparative evaluation ol difforont procedures for determining test-day-to-
reference-day atmospheric-absory tion-loss adjustment factors. The study
required rurther development aud extension of the digital computer program
reported in Refs 4, The revisced program can perform all the additional

tasks noted above as being outside the scope of the Ref., 4 program,
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Four alternagive procedurns for caleulating 1/ d=octove-band atmosphoeric-

abserption awdjustment factors were included (n the study,  They were

 oamoratior ceelficicnts and band attenuation by SAE ARPBO6GA-T497Y

and moteorolopieal data measured only at 10 m

absorption cocfficionts and band attenuation by SAE ARPBAGA-1975

a layered-atmosphere analysis using meteorological data measured

[ ]

at varlous heights

e absorption coefficients by ANSI S1.26-1978, a band=intepration method
te calculate attenuation, and a layered-atmosphere analysis using

meteorological data aloft

oo e absorption coefficients by ANSI $1.26-1978, attenuation calculated at
E ‘ the band center frequencies only, and a layered-atmospherve analysis

using meteorolopical data alaft,

i - The report is orpgantzed inte three Volumes, Volume | describes the

—tmarl

analyses that were performed and presents the results.  Volume [1 contains

the Histing of the statements for the compuater program, the input data for

f» A osample test case, and the corresponding output listings. Volume ITI

supplements the information in Volumes 1 and Il with extensive tables of the

attenuation caused by atmospheric absorption over a 300-m path, Attenuation

v values are computed for five methods for each of 340 combinations of 34 air
temperatures and [0 retative humidities. The tables permit a variety of

F - comparative analvses of the differences between the analytical atmospheric-

f iabsorption models of ANST S§1.26=1978 and SAE ARPBA6A-1975 and between the attenua-

: tion at the band center frequency for a pure-tone sound and the attenuation

ﬁ . For Broadband sounds with constant slopes of +1, -6, and -12 dB/band. '

The analvses and results presented here in Volume I oare contalned in

KA e N in e S+ et e o orlm him n oo smtttdb skl ot B e s )

L‘~ v Sections 2-4.  Sections 2 and 3 deseribe the results of an analytical study of
7 the effects of different atmespheric conditions and 1/3-octave-band filter-
transmission-response characteristices on the caleulation ol atmospherice-

3 absorption adjustment factors [or broadband sound.  The magnitude of the crrors
] that ean occur in the vatues of the band levels at o distant receiver, and the
valtues of the band lTevels when adjusted from test to reference condit ions,

are calentated for practical filters meeting the minimum transmission-loss




tequirements of ANSI S§1,11-1966 for Class 111 filters.! The accuracy of

determining atmospheric-absorption adjustment factors is demonstrated for

R M e
m

band=-integration and band~center-frequency methods.

A

Section 4 describes the basis for the new coimputer program for calcu-

) 3
lat ing atmospheric-absorption band-adjustment factors. The program was }
used to evaluate the differences amony the four procedures described above ]
. . )

3 i for calceulating band-adjustmont factors,  Fvaluations are presented in %

: terms of percefved nofse lovel, tone-corrected perceived noise lovel, [

i oftective perceived notse level. A-weighted sound level, and gound exposure ;

h : [

4 level for cach of the fo.r procedures for nine sets of actual aircraft ;

/ v . , §

SN flyover noise measurements (rom jet- and propeller-powvered aircraft,

3 Conclusions coucerning the alternative procedures for wetermining i

. !

: atmospheric ahsorptlon losses during an alrcraft noisc-certification test 1

2 E |

g . are drawn from the analyses in Sections 2 to 4 and presented in Section 5,

;
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2. EFFECTS OF ATMOSPHERIC CONDITIONS ON CALCULATIONS OF

é ABSORPTION-ADJUSTMENT FACTORS FOR BROADBAND SOUND

? Pvaloatfon ol alrernatfve procedures tor determiniog hand=ad jostment

i Pactors lor atmospherie-absorption Tonses was pertormed in two phases. The

§ First phase consisted of analyses to show the validity, or need ior retine-

f , ment, of the band-adjustment method of Ref., 4, The second phase included

3 : development of a new computer program aud evaluation of four alternative

E procedures for adjusting various aircraft noise signals from test to :

5 reference atmospheric conditions, This Section discusses the analyses i

é ' that were conducted for the first part of the first phase for which the ?

f ) filters were assumed to have fdeal transmission-response characteristics. i

‘

; The most-critical issue in developing any method for determining

; bhand=adjustment factors to account for atmospheric=absorption logses s ;

f b how to obtain a pood estimate of the true pregsure speetral density of the i

g sound that {fmpinged on the micrvophone.  For this rceason, the orfginal plan ;

g For assessing the validity of the method of Ref. 4 to account for atmospheric- 3

i abgsorption losses wias to obtain a narrow-band analysis of samples of aircraft- 1
nofse measurements for which [/3~octave-band sound pressure levels and test- ?

; day meteorological data were also avallable, 1

] ]

E Narrow=hband analyses were obtatned at threo different times (before, §

i - near, and after the time of maximum overall sound vressure level) during s

! the duration of a recording of the flyover noise signals from four aircrafe, f

5 ' The four afreraft represented jet- and propeller-powered airplanes and g

3 consisted of a Boelng 727-100 commercial jet transport, a Raisheck-modified g

; Gates Learjet business/executive jet, a Hawker~Siddely HS-748 twin-turhoprop ?

} transport, and a Beech Debonalr single~engine, propeller-powered, gencral- 5

. v aviation airplane. é

A digital siynal processor was used to obtain the narrow-band analyses,

The upper Hmit of the frequeney range was set to 9000 Hz giving a

rate for sampling the analog sipnal from the tape recorder of 18,432

samples/second.  The processor was scet to per form a single-length Fourier

. 4 T 5 !
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transform with 1024 data samples needed to complete oae block of data, The
time required to fill the memory of the input buffer for one block of data

wis then 1024/18,432 = 55.56 ms.

There were 500 frequency resolution poilnts in the [requency range for
the 1024-point block of sampled data.  The 500 points, then, meant that there
wias an 18-Hz nominal spacing between the frequency components in the spectrum
anilysis from O to 9000 Ha.  The etfcctive bandwidth around cach spectral
component at the 18=Hz spacing wes approximately 32 Hz because of che use of
the rounded, cosine-squared Hanning Tunction for time-limiting (or time-

welphting) in the fast-Fourfer-transform algorithm.

The statistienl confidence of the narrow-band spectra was increased by
averaging eipht consecutive 95.5%6-ms blocks ol data to give an ensemble
average with an effective averaping time of anout 444 ms, This enscemble
averaging time is close to the averaging time used in 1/ ¥-octave-band real-

time analyzers that provide data at nominal 500-ms intcrvals,

Although considerable effort was devoted to obtaining the narrow-band
spectra, the resultls were disappointing,  The 60=to=-70-dB dynamic range of
the instruments (micvrophone, tape recorder, and digital sipgnal processor),
and the relatively high level of high-{requency background noise (instrument
noise plus amblent nofse) with tvpical values between 15 to 20 dB for the
cquivitlent 2-Hz~bandwidth sound pressure levels at frequencies above 3000
Hz, combined to climinate any useful data above 2500 to 4000 Hz. Furthermore,
the narrow-band spectrum was not at all smooth and would have been difficult
to interpret oven £f the backpround lovels had been lower, Attempts to
use narvow-hand spectra to obtain a hetter approximation to the true sound

pressure spectrod density were therelore abandoned.

Because the narrow-hand spectral approach had to be abandoned, it was
necessary to develop an abternative procedure for assessing the validity of
A1/ d=octave-band atmospher te-absorption adjustment method. The alternative
procedure started with a specitfteation for the power spectrum of the sound
pressure at an equivalent source location.,  The power spectrum at a distant

recediver locarfon was then caleulated for an atmosphere with acoustical

e

e
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N reference conditions and for atmospheric conditions yielding a very high

rate of atmospheric absorption., Cne-third-octave-band sound pressure levels

at the receiver location were caleulated for filters having ideal trans-

miss lon-response characteristics, The calceculated band levels at the recelver
were used to find band-adjustment factors, Comparisen with what the adjust- i

ment factors should have been (values which were known exactly since the

true spectrum was known at the source and at the receiver) gave a measure of

: the accuracy of the valeulation methods. The results ave presented in a (L
E : sorfes of gpectral plots that assess the oftfects of atmospheric conditions, E
? propagation distance, and adjustment-factor calculation method. i
i t
; Spectra at the Source
;i‘ ) The analysis began with a set of assumced broadband power spectra for i
; ‘ : the sound pressure at the location of the source, ?
z For convenlence, the spectrum waz assumed to be a simple power function
p b ol frequency as
; Q.R
Gg (M) = Log(f ;1 (1/1) (1)
f where GS(f) {s the sound pressure speetral density at any frequency f, GS(fc)
ﬁ is the pressure spoctral denslity at some particular frequency fc (which
g later will be taken to be the exaet center frequency of a 1/3-octave band),
and €% {1 the slope of the stratpht line that represeonts the gpecsrum on
é togarithmic seales.
" ~
The exact 1/3-octave-band sound pressure levels, LS, ot the source are
found from
LS(F ) = 10 lop ’[j‘.'iu Gy (1) dl']/p‘;or} (2)

where the numerator term represents the mean-squared pressure at the source
in the band at IC. and rl and rv are the exact lower and upper bandedge
Frequencies that represent the lmits of integratfon over the passband of

the filter. The (ilter. by definiiion, has {deal transmission-response

characteristics around the exact band center frequency f . The sound
¢
pressure levels have units of declbels and are calculated relative to a 1

reference pressure, pr = 20 1Pa.
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With Eq. (1) for the power spectrum, the band levels at the source can

be calculated exactly from Eq. (2) as

Nl - f s A
H . U ' 2
Lb(fc) = 10 lop {jfl [GS(fC)] “”c_) df} )

—

i . ’8
'}. 10 Loy Plor Z\
¥ o 13
; = 10 log (r/v )" r
} g
‘:
!. . , , 1
" . + 10 log ('S(fc.) - 10 log Pror &) ;
; \ whore the coustant, Gq(fp)‘ has been taken outside the integral,
} The integral term in Eq. (3) can be evaluated as
? - 5 8 8
. u ., .2 - 4 , U+ 7+ 1
! j,.l VIR R TE S VI AR PR TR A - (e, 01 ) ]
: ' 4
; (4)
3
i
; when 07 # =1, and
; o . « ]
r 1 (lv/ll) (M
when 0% = -1, é
- !
. !
For a constant-slope speet.um, the slope, Qh, of the pressure spectral i
' dens ity (lop Cq(f) ve log f) can bhe readlily related to the stope of the sound ;
prossure level spectrum (1S (I() s band center frequency). The relatfonship |
' i
Co fs piven by 1
et Ly - !
. st | (6)
whoere SELofs the band=level slepe in di/band.,
:
] The ratfo of bandedge Trequencies, rU/fl’ for ideal filters 1is a constant *

which was glven the symbol RF fn Ref. 4, The band center frequency is the 3

geometric mean of fU and fl and thus

. -

.‘..ﬂ_u-n.-x_., TRTA  tdT i i h A ttL | k1ol BAL B N Mt 4 kMU ASA Eomita s 21k AN PRI Y - e e e e, H S R YR R TN LTSS Tk ARy pev T4
» - o
. . \ . TTVE I R R IV SR T DR PN SO e Ter L anabTe A2,




A Y A

N " - .' 7\
rU/'L RI (7)
4 r/f = Rrit/? (8)
u e
i
; and f/0 = ri=1?, )
5 L' ¢
3 The frequency ratio RF is specified in applicable standards® for filters.
? For 1/3-octave-band filters, the exact ratio is
4 . )
y , RF = 10}/1°, - (10) g
o f
i
8 The cxact band=center frequency s found from !
? , z
L s 10 1SBN/10 (an %
- . %
@ N where TSBN represents the sot of International Standard Band Numbors" for the i
] filters., lPor 1/3-octave-band (ilters, the values of 18BN range from 17 to ;
: 40 Tor nominal band center frequencies ranglng from 50 to 10,000 Hz, i
s
;i - With Fgs. (6) to (9), the oxpressions in kgs. (4) and (5) can bo
5 |
i' written in a morv-convenient form as .
: i
% f A . SL/2 -S1./2
3 r ([/fv) df = (fC/SL)(RF - RF ) (12)
, L
:
i when 2% # -1 or SL # 0, and
; = fIn (RF) (13)
‘ o 5
when 7 = -1 or SL = 0,
' The spectrum of the sound pressure at the source [Eqs. (1) or (3)] can
be calculated onee the slope, 2% or SL. is specificed and some value is
assigned for Gg(fc) at some frequency fc. For convenience, the value of
10° Pa’/Hz was chosen at f. = 1000 Hz, f.e.,

G, (1000) = 10% Pa?/Haz, (14)

In order to provide values for band levels at the source that were consistent

with rcasonable values {ur corresponding band levels at a distant receiver

location.
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Making usze of the varlous terms defined above, the expression for the

band level at the source for the 1000-Hz center frequency becomes

ESCLO0GY = 10 lop (:q(l()()()) + 10 Tog 1000 - 10 Top p';i“‘

+ 10 1oy [(l/SL)(RI-'M'/z - m."'S]'/z)]

190.0 ~ 10 log 4 + 10 log 1(1/SL)(RF5“/2 - RF_SL/z)]

! (15)

when SLO# 0, aad o f

190,0 - 10 log 4 4 10 log (ln (RF)] (16)

L541000)

N whan 5L = 0,

\ Band levels at higher center frequencies are found by successive addi-

tion of the band-level slope Sl.. Note that, for a white-noise spectrum with

SLo= +1 dB/band, the third term in Eq. (15) reduces to the relative bandwldth

of an fdeal filter which, for 1/3~octave-band filters, is given exactly by ;

RFl/z - Rp“‘/z = ]0'/20 - ]0"1/20 = (0,23077

glving

LS(1000) = 177.6 d8

165 ra?/Ha,

in the 1000-Hz band for SL = 1 and Gs(lOOO)
- Figures 1 and 2 show spectral pto-s for Gs(f) and LS(fc) calculated from
the above equistions using band-level slopes of +1, -3, -6, and -12 dB/band.
The slope 81 = +1 dB/hand corvesponds to a white-noise spectrum with 28 = 0,
Nepative values for the other slopes wer~ chosen for the crxample hecause
most alrceaft noise sources have a spectrum that decreases with increasing

trequency at high frequencies. The lrequency range covered by the eleven

e Tt et e e DS T D o MG T e s

v 1/3=octave bands with center frequencies between 1000 and 10,000 Hz was

‘ . chosen as tepresenting the frequency ranpe of most interest to atmospheric

absorpt ion studies for propagation outdoors,

The next step was to calculate the band levels at recelver locations

for different atmospheric conditions and then to use the receiver levels to

et e o

attempt to reproduce the known source levels in Flg, 2,

14 '
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Figure 1.-Power spectra, Gg(f), of the sound pressure at the source for
several spectral slopes.

oL, .

A
] 3
5 1

15

. -

R

Rt o o: . Az ez e AR e e e s Bkl b SMERE—xai EE albL n § e L e Tt eth s . aotmba mamen AL ALY & Bt i




e T

B LR S e i S DS

T AR L TR TR R e BT LT R TR

X

e £12

P TS TS

=

LR

W -

v emdeait | PN Pl L Vi s LR s g WY e - SRR L) B T LN Y

UG G O L I

190
180 |

170 |-

160 |- —~
160 B~ -
140 - -
130 - =

120 +

110 =

100 - .

SOUND PRESSURE LEVEL, LS, dB re 20 U Pa

Q0 - =

go -  BAND-LEVEL -
SLOPE, dB/BAND

O [ .
0 3
60 A -6 -
<
ol
1.

12
50—
8

0

- L 1 L 1 - i 1 1 |
0 125 16 20 25 315 40 50 63 80 100 125

1/3-0CTAVE-SAND CENTER FREQUENCY, kHz

Figure 2.-1/3-octave-band sound pressure levels, LS, at the source for sound
pressure spectral densities of Fig. 1 and ideal filters.
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Spectra at the Receiver

Neglecting the reduction in the amplitude of the pressure caused by
spreading the acoustic power over increasingly larger surfaces as the sound
propagates through the atmosphere to the receiver, the general expression

for the pressure spectrum at the receiver relative to that at the source is
(M) = [Gg (M) 1[AF () ] (17)

where AN (F) represents the atmospheric-absorption function applicable to
the meteorological conditions over the sound propagation path and the

lenpgth of the path. The minus sfgn in the superscript indicates propagation
from the source to the tveceiver, For the analysis here, the model In

ANST §1.26-1978 was usced to caleulate atmospherice absorption at a specified
frequency. The power spectrum ol the pressure at the source, (is(f), was
found from Fqs. (1) and (14) for the example considered here, although it

could have any other desired functional dependence on [requency.

By analogy to Eq. (2), the exact band levels, LR, at the recelver were

found from

."
. , U 172
LR(fC) = 10 log {[~L} GR(f) d']/prefl (18)

whore tiwe range ol intepration has again been restricted to FL to f“ lfor
ideas fiviers because the exact values of the band levels at the receiver
are these that would be measured with {ilters having ideal response charac-
teristics.  Th - 1ext section discusses the magnitude ol the problems that
result from using practical filters having non-ideal transmission-response

characteristics.

Using the form of Fq. (17), the expression for the band levels becomes

:
() = 10 top | | fr'” [ (F)1TAF(£) ] df]/pief] (19)

If the sound propagation path can be considered to be divided into k
segments over which the temperature, humidity, and pressure of the air can

be assumed to be constant, then, as shown in Refs. 3 and 4, the absorption

1. s
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function can be expressed as
-5 a6, /10
P

b ke

AV (F) = (20)

where a, s the atmospheric sound absorption coeftficient over the k=th

k
path sepment at frequency [, In, say, dectbels per meter, and &k fs the Tenpth

ol une of the segments ol the propagation path In meters,

i

Because AF (f) has a complicated, though smooth and continuous, depend- %
ence on frequency, [g. (19) must, in general, be evaluated numerically. Note i
also that the attenuation due to atmospheric absorption 1s not independent N |
of the length of the propagation path because the pure-tone absorption coeffi-
clent and the length of a propagation-path scgment are linked as a product
in Eq. (20). The pathlength, thercfore, cannot be taken outside the integyal
in Eq. (19). As a consequence, the concept of an absorptlion coefficient
is not strictly applicable to broadband noise analyzed by passband filters
except Iin the sense of a total attenuation rate over the total pathlength,
where the pathlenpth as well as the atmosphorice condlttons and band centoer

frequency must be stated.

For the purpose of demonstrating the validity of a method for adjusting
measurcd band levels from test Lo reference conditions, the meteorological

condltiong of the atmospherce were assumed to be constant over the total

propagation path., Thus, the absorption function of Eq. (20) reduced to

a(f)1[rn/10] i

AFT(f) = 10'[ (21)

where a(f) is determined in decibels per meter for any frequency £ by the

equations in ANST §1.26-1978 and PD is the propagation distance in meters,

With the specific expression for Gg(f) from the previous Section and
with Fq. (21) for AF-(f), the vxpression for the band levels at the recelver

location becomes

S R PP T S

LRCL ) = 10 loy {[Gs(fv)]/pz }

rel

o 5
+ 10 log {Jr u (r/rr)g 10_["(f)]lpn/10]df} (22)
i I‘ ’
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The problem of numerically evaluating the integral in Eq. (22) was
addressed in Refs., 3 and 4. The mcthod used in those references of summing
a serles of special integrals, where the absorption function was approximated
by o power function of {requency over small logarithmically=spaced {requency
intervals, was not used here beecause it was considered unnecessarily cumber-
some and because an approximation for AF (f) was not really nceded since
the numerical evaluation would have to be done by a digital computer in

any case.

The numerical integration method used to caleulate band levels at the
recelver was one of the standard methods piven in the TEM Scient it ic
Subroutine Packapge in common use at many fnstallations of lTarpe digital
computers. A number of other standard caleulat fon rout ines could also have
been used.  The method that was usced, however, utilized Stmpson's rule and

Noewton's 3/8 rule.

To apply the method, the frequency range from fL to EU for each band
was divided into a number of equally-spaced frequency intervals on a linear
frequency scale, the number of intervals being a function of the bandwidth
of the particular filter band and increasing as bandwidth increased. The
value of the product in the {ntegrand in Eq. (22) was calculated at each
Frequency step botween f]‘ and l“ and then used by the standard subroutine
Lo evaluate the inteprat.  The subroutine is named by the acronym Qs
For gquadratwre/Stmpson’s/Tunetions it was also used to calenlate hand-
adjustment factors,  Dotalls for the varfous steps in QSF are piven hy the

subrout fne statements In the propgram 1lstings in Vols, (1 and 1L,

Before adopting the USE subroutise, a study was conducted to select
a siagle set of numbers to be used in all cases for subdividing the passtands
of the Filters futo equaily=-spaced frequency intervals.  Sioce the intervals
wore spaced aloeng a lnear frequency scale, it was necessary to increase
the number of intervals as the bandwidth increased. Judgments as to how
many Intervals to Include were made after considering the slzes of the
logarithmically-spaced frequency intervals used Tor the caleculation method

ol “"Refs. 3 and 4.
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The numerical-integration method from Ret. 4 was also re-programmed

T T

for the problem of calculating band levels at the receiver., Parallel compu-
? tations were made using the numerical-integratfon method of Ref. 4 and the
% method of standard subroutine QSF. ldentical results were obtained for
é non-uniform and uniform atmospheric conditions, pathlengths to 900 m, and
% all Tour spectral slopes. Computing times for the two methods were also
é essentially the same for calculations using ideal filters.

The final values selected for the number of frequency intervals to use

with subroutine QSF were as shown below along with the bandwidths and

stepsizes.

% v Nominal Approx.

: . band Approx, Number frequency,

% . center bandwidth, of stepsiac

" \ frequency, fu-T1., intervatls Ar=(Ty-T1.)/N,

L Ha Hz N Hz

E 1000 270,77 10 23.077

{ ) 1250 290,41 12 24,209

; 1600 165,75 14 26.125

: 2000 460,47 16 28.777

; 2500 579,67 18 12,204

' 1150 729,75 20 36.488

é 4000 918,69 22 41.759

: 5000 1156, 8 2 48.191

: 6300 1456.03 26 56.001

:

3 * 8000 1831.06 28 65.466
10,000 2307.71 10 76.924

Increasing the number of intervals would tend o increase accuracy but
would also increase computation time. The intervals ¢ofined above required

calculations at 231 frequencies over the 11 bands,

After the Integral In Eq. (22) had been evaluated for a specified
apectral slope at the source, ﬁs. atmospheric conditions, and propagation
distance, the band levels, LR(fC). were calculated according to Eq. (22)

. - o, ? R = 3,
with 03(1000) 107 Pa‘/Hz and Pros 20 uba.
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Calculations of band levels at a receiver location were made for two
atmospheric conditions, three propagation distances, and the four spectral
slopes at the source of Fig. 1. The two atmospheric conditions were (1)
those of a uniform-atmosphere acoustical reference day with air temperature
of 298,15 K (25.0° C), relative humidity of 70.0 percent, and air pressure
of 1.0 standard sea-level atmosphere (or a pressure of 101,325 kPa), and

(2) those whish resulted in very high atmospheric absorption coefficients,

By inspection of the data in Table TT of ANS1 S1.26-1978, it was clear
that highly absorptive conditions were those for a warm and dry atmospherc;
the conditions of an acoustical reference day yleld nesr-minimum absorption
coef ficients.  The highly-absorptive conditions were therefore chosen to be
an air temperature of 298.15 K (25.0° €), a relative humidity of 10.0 percent,
and an air pressure of 1.0 standard atmosphere. Thus, the only difference was

the change in relative humidity trom 70.0 to 10.0 percent.

Propagation distances selected for the analysis were 300, 600, and 900
m. Calculated band levels are shown in Figs., 3 and 4 for relative humidities
of 70,0 and 10.0 percent, respectively, Figure 3 shows the band levels for
all four source band-lcevel slopesy Fig. 4 omits the intermediate slopes and
enly procsencs results for the highest and lowest slopes, +1 and -12 dB/band.

Note that different ordinate scales are used for Flp. 3 and Fig, 4,

The band levels at the recelver, as expected, decrease rapidly with
Increasing frequency and Increasing propagation distance.  For the highly
absorptive conditions, the attenuation is large and the level at the receliver
becomes very low in the high-frequency bands, even for a source slope of
+1 dB/band.  The actual levels at the recefver ltocation would be even lower
than those shown in Figs. 3 and 4 because the attenuation due to geometric

spreading losses has not been included in the calculatfons,

However, as shown in Fig. 5, attenuation over the path due to atmos-
pherie absorption (f.e., the difference between the source level, LS, and
the receiver level, LR) does not have a strong dependence on the spectral
slope at the source. Note that three different ordinate scales were
required to conveniently encompass the range of attenuation values for the

three propagation pathlengths,

I
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Exact Test-to-Reference Day
Band-Level Adjustment Factors
If the receiver levels calculated for the 10-percent relative humidity
condition at 25° C temperature are regarded as representing the exact values
for test-day sound pressurc levels, then the differences between the attenua-

tion data in Fig. 5 represent exact values for band-level adjustment factors

from test-to~reference conditions.

To see why this is truce, let LR]O be the measurcd band level for a
10-percent relative-humidity test day and let LR70 he the band level that

would have been measured at the receiver had the relative humidity been

70 percent. Then

LR7O = LRlO + (LR70 - LRlO) (23)

where the difference (LR70 - LRIO) Is the band-level adjustment factor, BA,
to be added to the measured test-day level to determine the equivalent

refercence~day level,

Since the source level, LS, s always the same, the exact value of the

test-to-reference band-adjustment factor can be found from

BA = (LS - LR

0) - (L8 = LR,.) (24)

1 70
for any band center frequency., 'The exact (LS - LR) vatues in bq. (24) are

just the attenuatlon values In Fig., 5.

Flgure 6 shows the varfation of the exact band-level adjustment factor
with frequency, propagat fon dlstance, and spectral slope at the source. The
adjustment factors are exact bhecause all terms tn Fq. (24) are known exactly,
Note that three different ordinate scales were apain necded to cover the
range of values. Note also that the magnitude of the adjustments that would,
theoretically, be required can become very large - ceven for the 300-m
distance. Morcover, as noted for the attenuation values in Fig. 5, there
{s only a weak dependence of the exact band-adjustment factor on the slope

of the sound spectrum at the source.
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Approximation of Source Band Levels ]
by Band Integration Method 3

3 1f the true source levels are not known, as they usually are not, and _
f only the band lTevels at the recelver are known, then some approximat lon method ;
v
/ must be used to estimate the sound pressure spectrum at the receiver so that
; the band level at the source can be calceulated. This requirement, of course, 4
{ 1s the essence of the band-adjustment calculation problem as was also i
1 pointed out in Ref. 4.
4 :
; ;
; .
: The problem of calculating the band level at the source is the inverse

=

of the problem of calculating the band level at the receiver. Hence, ]

; referring to fqs. (17) and (18), the source band levels are found from

LS = 10 log {Uf:” Gg () df]/p:ef} (25)

R

- TR TS TR
.

\ : where

G (1) =[G, (N 11AF(F) | (26)

2 o

and where an expression for GR(f) has to be found from the band levels LR,

The notation AF+ is used to signify that the path is from the receiver loca-

tion to the source lovation. The notation that the source band level, LS,

A
3
.
:
]
is
)
¢
:
;'.
{
..
|
|

is for some particular band with center frequen- - fc has also been omitted
\ in Eq. (25).

B T VECRVE-F-o L

e T

Although it would have been entirely feasible to work directly with

Eq. (25) and to have determined source band levels LS and then to have

s

calculated acjustment factors by subtracting the corresponding receiver band

ke

levels LR, it was decided to use an alternative approach and calculate the
recelver-to-source band-adjustment factors directly. Thus, the problem of ;
calculating source band levels was formulated, in a manner gimilar to that

in Egs. (23) and (24), as %
LS = LR + (LS - LR) = LR + BA (27) %
i

where BA is the adjustment factor to be added to the measured receiver level

to obtain the estimated source level.

Using previous expressions, the receiver-level-to-source-level band-

adjustment factor can be written

27
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BA = LS - LR = 10 log p;/p;

' f
- H)1ng{[]}:u UHJF)HAV+“j|//”lJGRUUdf} (28)

! The form of Eq. (28) has the advantage over that of Eq. (25) Lo that %

é the constants GR(fC) and pief are eliminated because they appear in both

; the numerator and denominator. ]

o .
' To proceed, we need an expression for GR(f). The expression for AF (f) )

f : is obtained from Eq. (20) or Eq. (21) for a layered or a homogeneous atmos- '

: phere and with a plus instead of a minus sign.

In Ref. 4, the pressure spectral density functica CR(f), applicable to ]

the frequency range from f] to fU for some band center frequency fv. was

cstimated from the measured band levels by a single straight line cver the

passband. The slope of the line was determined by the difference between

e

the level above and the level below the band of interest. Special rules

,.
4
i e St S8 L A sanaThr

TR e R

were adopted for the first and last bands where the slope over half of the

JEP I

band was extrapolated over the other half of the band.

g For the study described in this report, it was decided to modify the

o S

E procedure used in Ref. 4. The single-straight~line approximation for GR(f)

A over the frequency range of a filter passband is considered to be appropriate

when the band-level spectrum is reasonably smooth and not too steep, i.e.,

slopes less than approximately #6 dB/band. The spectrum of many noise
sources, including significant portions of many aircraft noilse signals, is

consistent with this assumption. For general applicability, however, the .

single-straight~lire approximation was not considered adequate.

Most aircraft noise sigrials have a rather complex spectrum because the
total noise signal is the result of a varlety of noise sources — broadband
and discrete frequency. The analysis in this report is applicable to the
complex spectra resulting from a number of broadband nuise sources. As
stated earlier, the problem of calculating atmospheric-absorption adjustments

for discrete-frequency components is considered a separate issue.




The procedure for estimating GR(f) that was adopted tor this report

uses a 2-slope approximation over the passband instead nf a single-slope

approximation. To help visualize the effect of the change in the approxi-

3 mation method, consider the hypothetical aircraft noise spectrum represented

‘ in Fig. 7 by the set of 1/3-octave-band sound pressure levels as a function s
Z of either the logarithm of the band center frequency or, as here, the inter-
: national standard band numbers as used in Eq. (11). %
B !
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d INTERNATIONAL STANDARD BAND NUMBER (50 H/ TO 10,000 H/)

it

: Figure 7.-Hypothetical spectrum of aircraft noise.

o

In the high-frequency bands, say ISBY = 37 to 40, the band-level slope
usually becomes increasinglvy more negative as frequency increases. The
slope, however, rarely, changes sign in the very high-frequency bands. 1In
the lower-frequency bands, there often are several changes in slope. With

a single-siope approximation, bund-to-band slopc charges can cause ancmalous

results in calculated absorpecicon factors. Tie 2-slope approximation alle-
viates the asomalies, though it remains only an approximation to the true

pressure s, :ctral density,

E.eu, as here, with vhe assumption that the filters nave ideal :rans-
mission response, there is no way to recover the true sound pressurc spectrum
at the receiver given only the tand levels, except for special cases with

constant-slope spectra. Furthermore, if the power-transmission response
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of the real filters cannot be assumed to be that of an ideal filter (i.e.,

if the filter's rejection rate is not high enough in the stopbands), or

if the slope of the sound spectrum changes rapidly with {requency, then the
filter frequency response must be conslidered in the calculation of atmos-
pheric-absorption-loss adjustment factors., Ia such a case, the problem

of estimating the true or actual spectrum of the sound pressure at the
microphone becomes much more difficult because there is no way to distinguish
readily between the effects of the atwosphere and the effects of the filter
on the resulting band sound pressure level. Reference 7 proposed an "iterative'
method as one possibility. The "iterative' method, however, would have
required conslderable effort to develop a practical implementation and was
nct consildered for this study. Additional discussion of filter effecty is

given In the next Section.

Figure 8 illustrates the differences between using the single-straight-
line approximation method of Ref. 4 and the 2-slope method of approximating
the pressure spectrum. The examples are taken from the hypothetical spectrum

of Fig. 7.

Figure 8(a) shows two cases where the band slope changes from negative
to positive over a band. Figure 8(b) shows two cases where the band slope
changes from negative to more-negative over a band., When there is a larpe
change in nolse-level slope over a band, the spectral slope estimate based
on the difference in band level between that of the band above and the band
below the band of interest (i.e., the short dashed lines in Fig. 8) does not
yield a good approximation, especlally when the slope changes sign as
around bande 33 and 36 in I'fg. 8(a). When there is little difference in
band slope, as around band 38 in Fig. 8(b), the single-line spectral-slope
estimate based on the difference between the level of the band above and the

band below may be as reasonable as the 2~slope approximation.

When the pressure spectrum over the passband of a filter is approximated
by two straight line segments, the single integrals in the numerator and
denominator of Eq. (28) are replaced by the sum of two integrals ranging
from f. to fC and from fc to EU. In each frequency range, the pressure

L
spectrum, GR(f). is approuximated by n power function of frequency. The

i i 416 s e et i e e MR i e it St e e v taloe e e s

S e e T T




A e

ST

I R L T

R R s SR (et

SOUND PRESSURE LEVEL, d8
K.
~

A Il 1 1 Ao 1 1 L ]
32 33 34 35 36 37 38 Iy
e
1/3-0CTAVE BAND NUMBER (o
[
(a) OVER PASSBANDS OF BANDS 33 AND 36. L
—\'i\‘\ !
u‘g. v\ :
d N\ !
N :
> \\ {
3 A\ _Y j
w \ i
g A ‘
a W \
o \
E * !
Q \ :
3 \
2 \
L Lt 1 I 1 1
3 3 36 37 38 39
1/3.0CTAVE BAND NUMBER ‘
i
(b) OVER PASSBANDS OF BANDS 35 AND 38.
Figure 8.-Comparison of band- slope estimating procedures for certain bands from

hypothetical aircraft noise spectrum of Fig. 7.

- — — - Band slope procedure of Ref. 4.
— . . — Band slope procedurs based on level differences in adjecant bands.
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exponent for the frequency (the slope of the line segment on logarithmic
scales) {s determined from the difference hetween the level of adjacent

bands, Figure 9 illustrates the process and defines the applicable synbols,

o at = ; f = G ! = G ( a conste ¥
Note that at f fc, (RL(tc) (RU(tC) CR\fC) or a constant which can
be factored out and canceled from the ratio fn Lq. (28).

Given these considerations the ratio of integrals in Fq. (28) is written

as
i 5 f U
j; ¢ (r/rr)“ AR +_/(.U(f/fc)Q artar
w0 e T T
DENI ¥ DEN2 P L Ty i
.ﬂ P/ ) dr 4 /. (/)" ar
L ¢ !(‘ C

L, U
where the pressure spectral density slopes, ¢ and £, are related to the

corresponding norma! fzed, non-dimensional band-level slopes, SLL and SLU, by

o e s - (30a)

and

m“ = SLU - 1. (30h)

The normallzed band-loevel slopes are found from the

the sound pregsure levels In adjacent bands using

SLL = [LR(f ) = LR(F__D1/110 Top (RF)] (3ia)
and

SLU = [LR(F ) = LR(F ) I/[10 Tog (RE)] (31b)
where LR(FC) represents the set of sound pressure levels at the recelver und

R¥ {s the band frequency ratio fU/fI. For 1/j-octave bands, RF = 10°+1,

The slope of the Hne over the lower half of the first band In the set
is assumed to be the same as that over the upper half of the first band.
Similarly, the slope of the line over the upper half of the last band is

assumed to he the same as that over the lower half of the last band.

As for Tiq. (22), the inteprais in the two numerator terms, NUM1 and

» differences between

NUMZ, In Eq. (29) were cvaluated using the QSF numerical-integration subroutine

R
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Figure 9.-lllustrations of straight-line approximations to sound pressure snactral

density GR(f) with slopes (L and (Y over passband of ideal fiiter with
band center frequency fc.
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;
1

;
s E
3 and the same aumber of frequency Intervals dneach passhand as determined
; previously. %
: i
The denominator terms, DEND and DEN2, {n Eq. (29) we cvaluatoed 3
directly. By analogy with the development ot Fgs. (12) and (13 for the

evaluation of Eq. (3), the denominator terms become

=-S1.4./ s ;
DENL = (F_/SLL) (1 = RF Li/2) (320) |
g : and
¢ ' . , SLU/2
| bEN2 = (r /sLo) (ReSYE ) (32b) |
) ' u ‘ , i
2 whon YI # -1 (or SLL # 0) and & # -1 (or SLU # 0), respectively, and i
K E
by : DENI = DEN2 = (1 /2) In (RF) (13) ;
o I \ : : :
g whoen 20 = £ = ~] (or SLI, = SLU = 0), 1
2 i
b 1
¢ :
b With Eqs. (32) and (3D, all terms in By, (29) can be ealeulated and ;
Y !
b “ used I Bg, (28) to detormine the adjustment Tactors to be added to the ]
I
; !
{ band levels at the receiver location to plve the estimated band levels at ;
v the source,  Comparison with the known band levels at the source provides i
N 1
it a measure of the accuracy of the provess and the appropriatencss of the i
I
E approximation of the true pressure spectral density, i
i
i
? Figure 10 sthows the results ol applyving the method over a propagation ;
i distance of 600 m and for a true source=band-level slope of =12 dB/band. g
i
. Starting with the recelver band levels caleulated Tor either 70 or l0=-percent f
] velative humidity, the approximate method (8 seen to provide a very good
. estimate of the true source band levels, 'i
E . Flpgure 10 also Indlcates the true attenuation caused by atmospheric 3
! " i
A absorption over the 600-m distance (LS - LR7” or LS - LRIO tor the 70 and j
v 10-percent relative humidity conditions) as well as the exact test-to=refor- !
E ence-day adjustment factor LR7” - LHl”.

The magnitude of the differences between the exact and the approximiate

source band levels §s shown tn Flg, 11 for the three propagation distances

and the +1 and =12 dB/band slopes. The largest differences are in the 10=Filz
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| ¢
Figure 10.-Example of determination of (1) attenuation, (2) accuracy of approximate band-
i . integration method of calculating atmsspheric absorption, and (3) exact band-loss
g ' adjustment factor from test (10% relative humidity) to reference (70% relative
. humidity) meteorological conditions. Air temperature is 259C; air pressure is 1.0
' v standard atmosphere; spectral slope at the source is —12 dB/band; ideal filters:
sound propagation pathlength is 600 m; no geometric spreading loss.
e Attenuation by atmospheric absorption = LS — LRyg or LS — LRyq.
e Accuracy of spproximate method = LS10,10 — LS or LSy 79 - LS.
® Exact band-loss adjustment factor = LR;q ~ LRqp.
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band, probably bhecause of the extrapolation of the slope over the lower

L half of the band to the upper half olb the band.

Nepleeting the differences in the 10=-kHz band, the approximate method

) Is seen Lo always give an estimate for the source band level that Ls efither
equal to or sliphtly greater than the true source band levels, the larger
! diflferences occurring for the much-morc-absorptive 10-percent-relative~

humidity conditions. For the 70-percent conditions, the difference between

: the estimated and the exact band level was nover more than 0.2 dB and usually

: wag 0,0 dB,  For the 10=-percent humidity conditions, the largest diflerences ,

vcecurred In the S5-klz band but did not execed 104 dB over the 900-m distance,

1
3 v
Pt As aomatter of Interest, the caleulations of source band level Tor all _
@ ‘ the easges shown in Fip, 11 were performed twlice, once with the QSF

\ numerical=Intepration method and once with the closed-Tform=integral=-summation 4
P method ol Ret. 4 rveprogrammed for this application, ldentical results were .
i - obtalned as they were for the caleulations of recelver band levels, )
w |
Ef Thereanfter, only the Q8F subroutine was used for evaluating the integrals !
f‘ In a caleulation of the attenuntion over the propagation path, :
3
' i
; Approximation of Source Band Levels by i

Band-Center-Frequency Method !

: !
% The very goad agreement in Fig, 11 between the exact source band )

levels and source band levels estimated using Eqs. (27) and (28) was anti-
cipated since the receiver band lTevels had been caleulated using ideal
Filters and the pressure aepectral density at the receiver was closely
approximated by the two constant-slope lines over the lower and upper halves

of each passband,

Since SAL ARPROGA uses, cssentially, a band-center-frequency method,

a natural question wias how well would a band-center-frequency method approxi-

S mee e k] A s - e - red B Mt S e

mate the attenuation over the propagation path,

. 1

Thus, Instead of evaluating an Integral to determine the attoenuation :

f

over the pathlength, the source band levels were simply caleulated from :
A
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where Jl(|k.) is the atmospherie absorpt lon cocliiclent at the band contoer
froquency.  Absorption cocefliclents were determined by the method ot ANSI]

51.26-1978 at the exact band center frequencies determined from Lq. (11).

Comparisons of the differences between source band levels calculated
from Eq. (34) and the exact source band levels are shown in Fig. 12, The

differences are significantly larger than the corresponding differences in

Fig, 11 for the band-integration method. Note that two different ordinate

scales were required as they were for Fig, 11,

v The diflference between the exact sovarce band level and the source band
level vstimated using Ik, (34) increases as the slope of the gpectrum at
the recelver lnercases, f.e., as the source spectrum slope Incroases, as
the propagation distance Increases, and as the atmospherle conditions become
more absorptive. The reason for this result {s that the attenuation at the
band-center frequency becomes a poorer and poorer cstimate of the true
attenuation as the slope steepens because the actual attenuation over the
frequency range of the fi{lter passhand 1s determined by frequencies near
the lower bandedge lrequency for steep, negative spectral slopes., 'The

Lrue attenuation 18 less at the lower bandedyge frequency than at the band
venter frequency. This observation is the basils for the use in SAE ARPB66A
of the nominal lower bandedge frequency Instend of the nominal band center

frequency for calculations applicable to the 5-kHz to 10-kHz bands.

The results In Flg. 12 also indicate that {f the spectrum is not too
! steep, or the propagation distance not too long, or the atmospheric conditlions
not too absorptive (or not too different from reference conditions), then
the band-center frequency method Is capable of estimating the true attenua-
tion within 1 to 2 dB for band conter frequencies as high as 5 to 8 kHz
v depending on conditions. The levels in the 5 to 10-kHz bands, moreover, are
often so low that they are below the level of the background noise and hence
cannot be measurvd with current fustruments, Thus, although not as accurate
as the band-integration method, the band-cventer-frequency method may be

adequate in many practical situations.
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Approximate Test-to-Reference-Day
Band-Level Adjustment Factors

The exact value for the factor to be added to the receiver band levels
for the 10-pcrcent-relative-humidity test-day conditions In order to
determine what the receiver band levels would have been on a 70-percent-
relative-humidity reference day was found from the difference In the exact

vilues of the attenuation over the propagation path undet the two atmospheric

conditions,

Thus, from Eq. (24), the exact band-adjustment factor can be written as

Aexact = nttlo,exnct - ﬂtt7(),exnct (35)
Y = (Lbexact - LRIO,exuct) - (Lsexact B LR7O,exact) (36)
® LR?O.exnct - LRlO.exact (37)

for the known, exact source band levels with the results as shown'in Tig. 6.

However, 1f we start with the exact receiver band levels for the simu-

Tated tedt-day condition, LR and calculate the approximate attenua-

VXL M
tlon over the path for lO—pcigg;:l:gd 70-percent-relative-humidity conditions
in order to estimate what the source band levels would have been under the
two atmospheric conditions, then the approximate band-adjustment factor from
test-to-reference conditions can be determined. By analogy with the calcula-

tion for the exact band-adjustment factor, the approximate band-adjustment

~ factor {8 found from
a g - 34
5Aapprux 1tt10,npprox ]tt70,npprox (38)
' N (LSIO.IO,approx - LRIO.exnct)

: - (LS - L 3
N (IC’?O,IO,npprox lRlO,exn(‘t) (19)

= s‘ - an A
v LSLO.]O,npprnx 1970.10.npprox (40)

where the subscript 10,10 means that the source levels are computed for
10=percent relative humldity starting from receiver levels for a 10-percent-
humidity atmosphere while the subsceript 70,10 indicates source levels

calvulated for a 70-percent humidity atmosphere but starting from the same
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exact recelver band levels calceulated tor the H=percent=humidity condlt fon,

Alr temperature and pressare are constant Cor all caleulatious,

Figurc 13 presents an example of the calculatlon of approximate band-

adjustment factors for the same 600-m propagation distance and -12 dB/band

exact source slope shown in Fig. 10. Attenuation over the path was deter- i
mined by the band-integration method. The magnitude of the exact and approxi- 3
mate band-adjustment factors is indicated for the 10-kHz band. The subscripts %
approx and exact have been cmitted in the fipure. g
A measure of the accuriacy of a method of accounting for atmospheric %
absurption over a propagation path {8 glven by the difference between the ?
approxlmate and the exact band-adjustment factors, Fqs. (40) and (37). é
For the example shown in Fig., 13, this difference i{s shown to be 1.1 dB in j
the 10-kHz band. ;
s
walculations of approximate band-adjustment factors and comparisons f
with the corresponding exact band-adjustment factors were made for the j
three propagation distances and for the +1 and -12 dB/band true source-
spectrum slopes. Attenuation over the path was calculated by the band-

integration method and by the band-center-frequency method,

Mpure 14 summarizes the resalts of those caleulations,  The data in
Flg, 14 confirm the trends From FPigs, 1 and 12 which indicated that the
band-i{ntegration method provides a more-accurate calculation of attenuation
over the path than the band-center-frequency method. Note that three

different ordinate scales arc used in Fig. 14, Note also that the approxi-

mate adjustment factor is almost always greater than the exact adjustment
factor; the small negative values shown in the figure are the result of

round-off errors.
A summary of the range of the largest differences between the approxi-

mate and the exact adjustment factors is shown below for the two methods of

calculating attenuation and the three propagation distances.
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e [
' Figure 13.-Example of determination of exact and approximate band-loss adjustment factors for
ditferences in atmospheric absorption under test (10% relative humidity) and reference
(70% relative humidity) conditions. Air temperature is 25°C:; air pressure is 1.0
v standard atmosphere; spectral slope at the source is — 12 dB/band; ideal filters; sound
propagation pathlength is 600 m; no geometric spreading loss.
Approximate band-loss adjustment factor for receiver levels under 10% relative humidity ;
is (LS 4y 10 = LS50 10 ). Exact band-loss adjustment factor is (LRyg — LRw).
_ Comparison of the difference for the 10 kHz band for this example yields
; 'LS1010 — LS9 40) = {LRyg — LR, o) = (68.8 — (-58.1)) — (9.0 — (~106.8)) =
§ 116.9 — 115.8 = 1.1 dB.
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attenuation | ...range of dargestoerror, db

caleulation e e pathlenpthy w o
o mered b oo eo0 L s00
Integration i 0.6 = 1.1 o6 - 301 2.1 - 4.8
center frequency 1.7 - 3.2 5.7 - 7.6 10.3 - 12,2

The error in the calculation of attenuation by the band-integration
method is larger for the +1 dB/band source-spectrum slope than for the
-12 dB/band slope, a result also shown in Fig. 11 for calculations of

source band levels.

For the band-center-frequency method, the error was larger for the

steep, =12 dB/band slope thar for the +1 dB/band, white-noise source spectrum,

a result which Is consistent with the trends in Fig, 12,

As o further observatlon from the results in Fig., 14, we note that,
for a gpeetiied level of tolerable accuracy, the band-intepration method
is able to satisfy the erlterion to higher frequencles than Is the band-
center-frequency method for any combination of propagation distance and

source spectrum slope.,

As a (inal remark, we reiterate the comment made earlier that although
the band-integration method appears, on the basls of the dnalyses presented
here, to be generally more accurate than the band-center-frequency method
(significantly so in manv cascs), the greater accuracy may be of limited
practical consequence when differences in atmospherlc absorption are judged
in terms of psychoacoustic desceriptors or time-intesrated measures such as

percefived nolse level or sound exposure level,
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3. EFFECTS OF NON-IDEAL FILTER CHARACTLRISTICS ON
CALCULATIONS OF ABSORPTION-ADJUSTMINT I'ACTORS

All the analyses In the provious Sectlon were pertormed under the
assumpt ton that the 1/3-octave-bhand fllters in the noise=measurcment svstom
at the recelver location had the power-transmission-response characteristics
of an ideal fllter. A real, or practical, (ilter has response characteris-
tics that approach those of an idcal filter. The most-important difference,
for atmospherlc-absorption analyses, is that the practical filter has finite,
vather than infinite, rejectlon at frequencies in the stopbands beiow the
lower-bandedge and above the upper=bandedge frequencies, In this Section,
we examine some of the effects of non-ldeal filter characteristics at the

receiver on atmospheric-absorptlon calculations,

Filter Transmission Response

An {deal filter hias o relative power-transmission ratio or power transfer
funetton (L.e., the ratio of the power transmitted at some lrequency to the
power transmitted at the band center frequeney) of 1,0 In the filter pass-
band and 0.0 in the stopbands on cach side of the passbaud., It was this
characteristle that permitted the expressions for determining levels in the
previous Sccetion [e.p., Egs.

band frequency range [rom fl to fU rather than over the infinite range from
0 to ™,

Practical |/ 3=octave=band filters (analoy or digital) are designed to
comply with the Class 11 or Class Il requirements of nattonal® and inter-
nattonal™ standards,  Class [11 requirements are more scringent than
Class ITD requirements,  Very tew, {1 any, Class 11 1/3~octave-band filters
are used to analyze afreraft nolse measurements., Most, if not all, of the
I/ 3=octave=band ilters currently belng manufactured are designed to meet

the ANST, or TEC, Class I requirements,

The Class THD regquirements specttfy sueh properties as the exact, or
destpn, band-center frequency, the tolerable ripple in the passband, the
rejection rate In the stopbands, and the effective noise bandwidth. The

cffective noise bandwidth defines the relative filter response at the lower

45

() and (18)] to he integrated only over the pass-
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and upper bandedge frequencies such that the filter will transmit the same
power as an 1idcal filter exclted by a broadband clectrical noise signal

having a white nofsa spectrum,

The analyses in Rels. 9 and 10 showed that the bandwidth error for
filtering of white noise was minimlzed when the relative response of a
practical filter was down 4.5 dB at the bandedpe frequencies with a passhand

relative response of 0.0 dB.

Append(x Il of ANSI S1.26-1978 contains o discussion of guidelines for
evaluating the atmospheric absorption loss of broadband sound analyzed by
practical filters, Table E=1 of Appendlx E contains an equation which
approximates, but {s slightly more conservative than, the minfmum transmis-
slon=response requirements for a Class 11D filter,  [The maximum transmission

response s that of an fdeal filter,)

The equiation for the relative power transfer function, 1(f), from
Table E~T of ANST §1,26 Is
€)= o+ b [0/ ) = (er/f )T (1)
and the corresponding expression for the ({lter transmission loss, in declbels,

Is

T = 10 Jog [1(0)]. (42)

The constants a, b, and ¢ In Eq. (41) have gpecific values applicable
to the frequency ranges delined for the stopbands and the passband. Values
plven In Refs. 6 and B Tor b and ¢ were modified slightly in Table E-1 of
ANST §1.26 in order to satisfy the requirement for a transmission loss of

4.5 dB at the exact bandedge frequencies,

The coetfficlients are detfined tn Table E-T of ANSI S1.26 for Class 111

1/ 3=octave=h ’ T8N
/Y=octave=band filters as: Ccoeffictent

Pilter Trequencey reglon .:-":f__tu R T P
Lower sitopband: 0.1« (/1 o 1, /4 8/13 2547 10=1/80
. y
passhand: 'I/|c » f/fv <7f2/f0 1 0 —
upper stopband: fv/fc < f/fc < 10 8/113 2547 10t/60

ot - e
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where the special frequencles fllfC and fz/fC define the width of the 0,0-dB
transmission-loss repion for the passband., The special relative frequencies

have the values

r/f, = 107130 - 0.926) (43a)
and
r,/f, = 101720 -~ 1.0798, (43b)

Using the values for the coofftelents 2iven above, the transmission
loss in the stopbands at the relative bandedpe frequencies 10'1/2" and
1gt/20 [Eqa, (8) - (10)] has the value of =4,47 dB (or a power transmigsion
ratio of 0,357).

Flpgure 15 shows comparisons of the transmission response calculated using
Fqs. (41) and (42), the minimum transmission loss permitted for ANST Class
IT1 filters, aond the transmissfon response of an ideal filter. Flgure 15(a)
prosents the comparfsons on loparithmic scales to emphasize the differences
fn the filter responses over the two decades of the stopband frequency re-
plons,  Figure 15(b) shows the response on linear scales in order to
emphasize the differences at freoquencles around the gpecial relative fre-
quenclos of Eq. (43) and the relative bandedpe frequencles at F/fu = ().8913
and 1.1220,  Equattions (41) and (42) are seen to provide a good, somewhat
congervative, prediction of the minfmum ANST Class 11 requirements. Note
that the cuarve in Fig. 15(b) for the equation from Table E-1 of Appendix E
of ANS! 81.26 crosses the fdeal-filter line at a relative power transmission
ratio of 0,357,

The polnt ol this discussion hes been to celarify the differences between
ANST Class TEE / =octave=band filter requirements, {deal-filter response,
and the fiiter response predicted by Eqs, (41) and (42).  The next issue is
how well doos the response of actual filters compare with the ANSI require-

ments or the predictions of Fqs. (41) and (42).

At the present time, most 1/ 3-octave=band mmalvses of afreraft flyover
nofse measurements are made using one of three models of a real-time analyzer

having several contiguous {lters In parallel: the Hewlett-Packard Model
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Figure 15.-Power transmission response of 1/3-octave-band filters,
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: 8054A, the Cen Rad Model 1921, and the Britel and Kjaer Model 2131. Of these
! three, the GR Model 192] probably has been the most-widely uscd.

Response data uvn a representative sample of each Instrument were obtained.
Design speciflcation data for the GR 1921 were also obtained and compared

with the measured response data,

The HP B054A and the GR 1921 (which incorporates the GR 1925 multifilter)

E ; use analop devices for the tilters and, unless carefully adjusted, there

% can be small differences between the response characteristics of individual
% | filters In a set of coatipuous f{lters as well as between different instru-
; v monts of the same model,  The B&K 2131, however, uses digltal THtering and
é A all filters (n all Instroments should have the same response charactoer ly-

% ' tles.

\

"y Figure 16 shows a comparison botween typical filter-response data and

i - the response calculated from Eqs. (41) and (42), In the lower-stopband region,
? the typlcal response data for all three real-time analyzers iare better (by

: as much as 7 dB) than the response calculated from Eqs. (41) and (42). For
? ‘ the upper-gtopltand region, the typical responsce data are either equal to, or
L sliphtly bhetter than, the response from Eqs, (41) and (42).

Since the comparisons {n F{g. 15 showed that response calculated from
Lgg. (41) and (42) was slightly beotter than the ANSI Class 1TI requirement,
- and slnce the typical real-time-analyzer filter-response data were slightls
better than the calculations of Eqs. (41) and (42), the actual practical
‘ filters must meet the ANST Class 11T requirements. Also, the response of
an actual 1/ 3-octave-band {lter seems to be very well approximated by Eqs.
. (A1) and (42) using the coefficients listed above, Thus, the typical practical-
PElter response as predieted trom Eqs. (41) and (42) was considered satis-

. Factory for use In calculating sound pressure levels at the receiver location.
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Figure 16.-Transmission-loss response characteristics of 1/3-octave-band filters in real
time analyzers compared with response calculated from ‘practical-filter’
transmission-response equation; f is band center frequency.
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Spectra at the Source

In order to calculate the 1/3-octave-band sound pressure levels at the
receiver It was necessary to modify the sound pressure spectrum at the source

from that used in the previous Scction,

T e

; The power spectrum of the pressure shown In Fig., 1 would, theoretically, ]
£ - apply to any frequency. For ldeal filters there was no concern about contri- ;
g 3 butions at frequencles outside the passband because of the inlinfte rejection i
? T In the stopbands. A practical filter, however, can have slgniflcant contrlbu- .g
% : tion from the stopbands and therefore it was necessary to modify the low- i
? ; frequency portion of the source spectrum. There was no need to be concerned

gi . nbout the high-frequency portion of the source spectrum since the high-fre-

g quency spectral slopes were all nepative, or at most, flat. The decreasing j
fl \ I high-frequency pressure spectrum {n combination with the decreasing high- 3

frequency filter response assured minimal, or negligible, upper-stopband

G T

contributions.

T
Y o EIE =Y

Since from Pips, 15 and 16 the low=Trequency part of the lower-stopband

response has an effective slope of about -7 to -8 dB/band, any sound pressure

R B e R

e

: spectrum that Iacreases in the lower-stopband reglon of a (ilter by more than

L,

+8 dB/band will ultimately transmit power laster than the Tilter can rejoct

- T

ft. In such a situation, the power from the lower-stopband region can excced
that from the passband., The converse, of course, could be true for the upper-

stopband region and Indefinitely rising sound pressure spectra.

I aeabomu sn

d To prescrve a sensce of realism in the calculations, the sound pressure
t gpectra of Fig. 1 were extended down to the lower bandedge frequency at one
g’ : band below the band centered at 1000 Hz, {.e., using Egs. (7), (9), (1),
: : and (1), down to a frequency given by 10Y « RETH o RF™%:5 & 10%2-8% = 707,946 Hz.

i
{
{
]
;
i
i

;' ;) r
g v, Below 1074%% s, the pressure spectrit were maintalned at a constant value
4 defined by the value of the pressure spectrum at 102°%% Hz, A flat, low-

frequency pressure spectrum (rather than a decreasing one) was selected because

many jet=powered aircraft have rather-flat low- and mid-frequency spectra.

Flgure 17 shows the source spectra that were developed on the basis of {

the preceding analysis., The absolute value of the pressure spectral density
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at 1000 iz has the same value (10% Pa?/Hz) as used in Fig. 1 for the ideal-
fllter calculations. The values of Cg(f) at frequencies below 10285 Hy

are given on the figure.

The 1/3-octave-band sound pressurc levels at the source, LS, are the
same as shown in Fig., 2 for the 11 bands between 1000 and 10,000 Hz. There
is no change in the true source hand levels because the actual filters
are considered (o be located only at the receilver. The true source band

levels are always chose that would be obtained with fdeal filters,

Spectra at the Receiver

ITgnoring, as In the previous Scction, any change i{n the amplitude of

the sound pressure as a result of spreading the source's acoustic power over

inereasingly Jarger surface areas as propagation proceeds from the source to
the receiver, the band levels at the receiver location were calculated using
the same basic Fourier transform relation as was used in Eq. (18) but inclu-
ding the filter power transfer function t(f) from Eq. (41) and integrating

over all positive frequencies.

Thus, with the regponse of a practical filter at the receiver, the
band levels are, theorctically, to he found from

LR = 10 10,;{[f“’ G (D 111(D) ] dr}/pipf} (44)
0 ”

whero GR(f) fg gtill related to the source spectrum os(r) fas defined in

Fig. 17) by lig. (17) and AF (f) is still determined by Eq. (21) for uniform

atmospheric conditions,

The transmission response of a practical filter is defined, as noted
above, over the frequency range from f/fo = 0.1 to f/fC = 10.0. At the
stopband limiting frequencies, the response is down approximately 94 dB (or

-94
by a factor of 10 ) from the response at the band center frequency, see

Fig. 15(a).

With the limitation on the frequency range of applicability assoclated

with the choice of the definltion of (f) from Table E-I of ANSI S1.26-1978
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o and making use of Eqs. (1), (17) and (21), the working expression for the

sound pressure level at the receiver in some 1/3-octave-band can be written

E as

4 - 2

; LR = 10 log {[Gs(fc)]/pref}

! 10€,, svr .

: + 10 1og{ RUR s ][10 [a(f)”m/lol]['r(f)]df} (45) |

: fc/]O c !

E : which can be compared with Eq. (22) for ideal filters.

S

k f
i

The integral in Eq. (45) must be evaluated numerlically, The QSF

numerical-integration subroutine was again selected to perform the evalua- :

s BT mn T

v tion,

\ ' One way of accomplishing the evaluatlon would be to adopt the approach
used In Ref. 3 and break the frequency range into three parts: lower stop-
band, passband, and upper stopband. Each subrange would be further divided

into a number of intervals and the contributions from each subrange calcu-

SRR TSI re e TR e,

lated separately.

The contribution in the passband from f]/fC to fz/fc. see Eq. (43),

T R R

would be calculated flirst and used to define a reference value. 'Then the
contribution from each stopband would be calculated - that from the upper
5 stopband proceeding from F2/fc to f/fC = 10, and that from the lower stopband
proceeding toward lower frequencies from fl/fC to F/fc = (0.1. The advantage

- of this approach is that the passband reference value can be used to define
‘ a convergence test which can be used to shorten computation time. At each

] ‘ step over the intervals in the stopbands the calculated value of the inte-

§ o grand can be compared with a specified fraction of the passband reference

) T value (1/1000th of it, for example) and the calculations can be terminated

1 when an integrand value becomes less than the specified fraction of the

vy

., passband reference value.

Breaking the integration range into three subranges and making use of

some type of convergence test would save ‘computation time, especially for

the upper stopbands where the absorption function decreases with increasing

. . [ 4
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froquency for propapgation trom the source to the recefver and where the sound

pressure spectrum function (f/fc)ﬂh also deereases with incrcasing frequency
for three out of the four values selected for 25, The convergence test is
based on a predetermined judgment of when to stop the integration. The
judgment is based on the assumption that the next, and subsequent, contribu-

tion in the stopband only provides a negligible amount to the total value of

the integral.,

The J=-subrange/convergence-~test procedure of Ref. 3 was not used to
evaluate Fq. (49) because the effort needed to define a meaningful conver-
pence test would have exceeded the savings in computation cost, Also, for
miny cases exanined here, the conteibut fon at successive steps over the lower
stopband becime successively farger rather than smaller because the produet
of the pressure~spectrum function and the absorption function increased
faster than the filter transmission tunction decreased. [Indeed, for one of
the atmospheric conditions examined and for the band centered at 10,000 H=z
with a source slope ol -12 dB/band, the value of the integrand at the end of
the lower stopband at [ = fc/lO = 1000 Hz was larper by a factor of

approximatel, 3 x 10! than {t was at the band center frequency.

the procedure that was adopted was the straightforward approach, similar
to that used in cvaluating Eqs., (22) and (29), 1n which the entire fre-
quency range, ]Ofc - (fv/IO), wits just divided i1nto a number of intervals

and the numericeal intepration by the Q81 subroutine procceeded directly from

[./10 to 10f tor cach band.

After some cxperimentation, the values tabulated below were selected
to subdivide the (requency ranges for the eleven bands, The [requency step-
sizes over the frequency ranpe for any band are comparable to those used over
the passhand frequency ranges of the ideal filters in the previous Section,
There are, however, 9911 frequencies at which calculations are required here
for the 1l bands compared with 231 for ideal filters. The computation time

was on the order of 8 times longer for evaluations of Eq. (45) than for

Fq. (22),
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source slopes of +1, -3, and -6 dB/band, except for che 10-kHz band and the
-6 dB/band slope.

E Nominal Approx. .APPTUN-
§ band frequency Numbur frequeney
£ center range uf scopsiee
¥ ; frequency, 107, - (f./10), inte ls, Af = range/N.
4 Hz Hz N Hz )
? 1000 9900.10 400 24.75
1250 12,463,136 500 24.93
i i 1600 15,690.44 600 26.15 F
;. | 2600 19,753.10 700 28,22
E ? 2500 24,867.68 800 31.08
i i 3150 31,306.55 900 34.79 |
L 4000 19,412.61 1000 39.41 :
T 5000 49,617.54 1100 45.11 :
xi ; 6301 62,464.78 1200 52.05
‘ 8000 78, 638. 50 1300 O 60.49
‘ 10,000 99, 000.00 1400 70.71 &
- ;
Some results are presented in Figs. 18 and 19 to show the impact of ]
including the filter transmission response of fq. (41) in the determination é
of band levels at the receiver. Figure 18 shows 1/3-octave-band sound
pressure level: for the 300-m pathlengeh and the 70-percent relative- P
§ humidity conditieo; Fig, 19 also shows data for the 300-m pathlength but ;
é‘ for 16-percent relative humidity., Data for the four true spectral slopes g
ﬁ' at the seurce are included in cach figure. For each source slope, com- j
j parisons are shown between the exact source band levels, the exact %
receiver band levels calculated with ideal filters, and the receiver band i
levels calculated with the response of the practical filter. s
;
In Fig, 18 for 70-percent relative humidity, there is little differ- §
ence between the exact and the practical-filter receiver band levels for %
!

For the -12 dB/band slope, however, significant differences start to
occur in the 2.5-kHz band and become very large in the 10-kHz band. The

practical-flilter band levels excmed the ideal-filter receiver band levels
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1 - Figure 18.-Effect of filter characteristics on band level at the receiver for varicus 3
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Figure 18.-Concluded.
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and Indeed even exceed the source band levels! 1In the 10-kHz band, for
example, the practical-filter recelver band level exceeds the source band
level by about 20 dB and the ideal-fllter receiver band level by about

45 di.

4 For the highly-absorptive 10-percent rvelative=humidity conditions of
Fig., 19, the situation is substantially more critical than it was for the

b : 70-percent reference-day conditions of Fig, 18, Note that whereas it was

: feasible to use an ordinate scale with 10-dB per major division for all

plots in Fig. 18, it was necessary to use both 10-dB and 20-dB per major

division in Flg. 19 because of the much-steeper slopes over the lower stop-

I TN - T TN,

‘ j
v band under the more-absorptive conditions, i
£
R
: !
A As the source spectral slope became more and more negative, the devia-
ir \ tion between the practical-filter and the ideal-filter rcceiver band level
) veeurred at a lower and lower frequency: 6.3 to 4.0 to 3,15 to 1.25 kHz i
[;,— 1}
4 - as the source slope changed from +1 to =3 to -6 to -12 dB/band. :
b 1
i
: For comparison with the example quoted above for the 70-percent %
3 condition, thoe =12 dB/band slope data fo Fig, 19 show that the practical- 4
1 Filter receiver band level in the 10-kHz band exceeds the source band level i
: H
by about 19 dB but exceweds the exact receiver band level by 104 dB compared j
3 with 45 dB in Fig. 18(d). ;
: ‘.i
@ a
¥ - The messapge from these results is that high-frequency 1/3-octave-band !
! sound pressure levels, measured at a receiver location with a filter meeting ]
« i
‘ , the most-stringent ANS1 requirvements, may differ from the expected band levels B
h . i ) . [
é by signiticant amounts depending on how steep was the slope of the spectrum ;
% . of the noise source and how absorptive was the atmospherns, P
4 ;
: . The results fn Figs, 18 and 19 showed the e’ fect on the band levels at
1 the receiver ol dncercasing the spectral slope at the source for a fixed
3 propagat fon distance of 300 m.  If the propagation distance were to be 4
1 increased, then similar, but more-pronounced, trends would be expected. E
- .
. a
4
1
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Figures 20 and 21 present comparisons in the format of Figs. 18 and

k

19 for propagation distances of 300, 600, and 900 m. Figure 20 presents
results for a source spectral slope of +1 dB/band, Fig. 21 for a slope
of =12 dB/band. Each plot In Figs. 20 and 2] {ncludes the band levels at

the source and the band levels at the recciver for 70 and 10=-percent \

at s o AL

relative humidities and for tdeal and practical 1/3-octave=-band Filters, \

For the +! dB/band-slope results in Fig. 20, there was no significant
difference between the exact receiver band levels and those with the prac-

tical filter when the atmospheric absorption had the minimal values

assoclated with 70-percent relative humldicty at 25° C air temperature.
The largest differencewas only about 8 dB in the 10-kHz band for the 900-m

pathlength,

tfor the l0-percent relative-humidity, highly-absorptive atmospheric
conditvlons, however, there were larpe differences between the exact and

the practical=filter receiver band levels, For a given band center fre-

quency (eag., 10 kllz), the difterence Increased as the pathlength increased.

et e B AT s, + i 7 s s e 2 S . S st B i ST v

1 The frequency, at which the ditfference between the exact and the practical-

fitter band level first becomes significant, decreases as the pathlength

increates,

A L

i For the H=percent relatlve-humidity data in Fig., 20, there appeared

to be a saturation-like effect that occurred for the high-frequency receiver

LN T et T

. band lTevels for the 600 and 900-m pathlengths. Apparently, the power
transmltted through the lower stopband becomes more and more the control-
ling factor in the total power transmitted as the absorption function
steepens with increasing pathlength., As an example, consider the 10-kHz
band where the practical-filter band level only decreased about 8 dB for 3
the 10~percent relative-humidity conditions between the 600 and 900-m

pathlengths.  The corresponding difference in exact band levels was about

82 dB.  For the 70-percent conditions, the receiver band level decreased by
I8 and 24 dB for the practical and ideal Tilters, respectively. Thus,
the level for the 10=percent condition should have decreased by much more

than 8 di3.
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It is noted that presumably valid measurements of aircraft flyover

e m——rt

noise spectra for relatively absorptive conditions have becn reported which

have a high-frequency "tall of f" similar In appearance to those shown in
Flps. 20(b) and 20(c) for the 10~-percent relative-~humidity condition. The 1
supgestion fs that the reported tevels, which were sald to be well above ;
the corresponding background noise levels, may not be valid because of ;
contamination by power transmitted through the lower stopbands of the prac~

tical filters used in analyzing the tape-recorded signals,

The results presented in Fip. 21 show additional evidence of a satura-
tion-like effect when the source slope is -12 dB/band. The receiver band
levels. as in Figs. 18(d) and 19(d), are higher, instead of lower, than the
source band levels in the high-frequency bands., There was essentially no
difference between the practical-filter band levels for the 70 and the 10-
percent conditions for any of the three pathlengths. 1In contrast, the differ-
ence between tho exact recelver band levels for the 70 and 10-percent condi-
tions was large, as expected, and locreased as the pathlength increased.

Note that an ordinate scale with 40 dB8 per division was required for the

data {n Fig, 21 comparcd with 0 or 20 dB per dlvision for the data in Flg. 20.

The inference drawn from the data in Fig., 21, and from the comparisons
In Flgs., 18(¢), L18(d), 19(c), and 19(d), is that once either the receiver

spectral density function, or the absorption function, or their product,

starts to increase faster than the filter lower-stopband response decreases,
as the integration proceceds from the passband toward the lowest defined

frequency at fC/IO, then the band levels at a receiver location which would '
result trom using a practical filter meeting ANSI Class 1IT requirements \
will be higher than the oxpected or exact values and by very large amounts
for some conditions. TIndeed, if, as in Fig. 21, the source slope is as
stecp as ~12 dB/band, then the receiver band levels indicated for the
resporse of a practical filter can become essentially independent of how
absorptive the atmosphere is or how long the propagation path is. There

were differences between the practical-filter receiver band levels for the

70 and i0-percent conditions and for the three distances, but they were small

and are bard to see with a 40-dB-per-division scale.
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Two corollaries follow from the above inference. The first s that
alreraft=nofse data-analysis systems In current use may not be able to
provide meaningful measurements of hiph=frequency 1/ =octave-hand sound
pressure levels {f the nolse source spectrum {8 too steep, or the atmos-
phere is too absorptive, or the propagation path too long. The second is
that attempts to use measured aircraft noise 1/3-octave-band sound pressure
levels to derive, or verify, the hilgh-frequency absorption characteristics
of the atmosphere may not be feasible and could lead to incorrect conclu-

sions.

The differences botween the practical- and ideal-filter receiver band
levels could also affect the validity of attempts to adjust measured data

[rom test-to-refevence conditions, as well as attempts to use measured

alreraft noise data to valldate or develop afreraftenolse-prediction methods

or to judge the cffectiveness of high=frequency nofse-suppression devicees
ingtalled fn an engine.  Analyses ol nonlinecar propagation effeets and the
effects of atmospherice turbulence on sound propagiat fon may also be Influ-
enced by the use of practical-filter band levels that are higher than the

corresponding ideal-filter band levels,

The potential problems introduced by the response characteristics
of practical filters as well as possible solutions, would clearly seem to

be areas deserving additional study.

Test-to-Reference-Day Band-Level
Adjustment Factors

Although the results were expected to be much different than those
obtalned using the exact or true band levels at the receiver, it was
considered that it would be instructive to use the receiver band levels

calculated for the response of a practical {ilter in determinations of

band~level adjustment factors from test to reference atmospheric conditions.

Determinations of adjustment factors would use the analysis described
in the previous Section. 'The "measured" band levels would be assumed to

have the values that would have been obtained with ideal filters. Integra-
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tion would only cover the frequency range from the exact lower-bandedge

] to the exact upper-bandedge frequency. The 2-slope procedure would be used

ﬁ to approximate the pressure spectral density function over the frequency

range of each ideal-filter passbhand,

] This calculatlon procedure was felt to simulate the procedure that

would Likely be used in practice where, in general, there would be no :
a priori knowledge about whether the Indicated bhand levels were or were ;

not contaminated by excessive power transmitted in the stopband frequency

ranges.  The caleculation procedure described above was fult to be cspecially

W

3 ‘ applicable as a simulation of the procedure that would be used by an auto- i
A { i
; mated data-processing system which only provides limited opportunity for i
7, \d :
: . operator intervention and inclusion of human judgment concerning the {

validity of a particular step in the calculation process. )

am—

Fipgure 22 shows the results of applying the procedure described above to

- the case of a 600-m propagation distance and a =12 dB/band source spectrum

: slope.  Comparable results for ldeal filters at the recefver were glven in
n Flg, 13, The practiceal=filter recelver band levels in Fig. 22 are those from
ke Fip., 21(b).  Symbols and thelr subseripts have meanings as described

previouslyy PF stands (or practical filter.

e e

Source band levels, calculated from the practical-filter receiver band

levels for 10-percent relative humidity, were determined for test (i.e.,

JRSCR.

10 percent) and reference (i.e., 70 percent) atmospheric conditions. The
raleulat 8 ‘¢ levels have the s 8 L ‘ LS a

calceculated source levels have the symbols lqu,lO,PF and 70,10 ,PF nd

their difference, as before, 1s a measure of the band-level adjustment factor

to acceount for differences in attenuation caused by atmospheric absorption under

the two condltlons. The source band levels were calculated using the band-

i Tk L it o L S A s

Integrat Lon method and the QSF numerical-integration subroutine.

The other measure of the band-level adjustment factor is the difference
in the values that were calculated for the receiver band levels starting
from the exact s ¢ - . s .
exact source spectrum, or LR7O,PF LRlO,PF This difference can
be Interpreted as representing the "measured" value of the test-to-reference-
day adjustment lactor; the difference in source levels can be taken as repre-

senting the '"calculated" value of the adjustment factor,

68
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i
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: i
§ w
> 140 L— -
~l
w O LS, TRUE BAND LEVEL
T 120 |- AT THE SOURCE -
v 2 O LR;gpr BAND LEVEL AT
- & 100 | RECEIVER, 70% RELATIVE -
o HUMIDITY, PRACTICAL FILTER
2 A LRygpr BAND LEVEL AT n
3 80 [~ RECEIVER, 10% RELATIVE —
b HUMIDITY, PRACTICAL FILTER T
LR70,pr~LR10, pF
, 60 & LSyq 10,pF APPROX. BAND -~ » -
i - LEVEL AT THE SOURCE,
) 10% RELATIVE HUMIDITY,
40 -  PRACTICAL FILTER -
i X 1S70 10,pF APPROX BAND
20 - LEVEL AT THE SOURCE, -
70% RELATIVE HUMIDITY,
PRACTICAL FILTER
0 l S B | l | | ! | I
P 8 10 125 16 20 25 315 40 50 63 80 100 125
1/3 OCTAVE BAND CENTER FREQUENCY, kHz
3 N Figure 22.-Determination of band-loss adjustment factors when band levels

' ) at the receiver location are calculated with the filter transmission-
' , response characteristics of the practical filters from Fig. 15; compare
. with results for ideal filters in Fig. 13.
, 25°C air temperature; 1.0 standard atmosphere air pressure;
‘ —12 dB/band spectral slope at the source; 600-m sound propagation
. pathlength; integration method for absorption loss.
Band-loss adjustment factor from levels at the source(integrating
over passhand of ideal filters) is (LS1q 19 pr—LS70 10,pF)-

Band-loss adjustment factor from levels at the receiver is
(LR70,pF—LR10,pF)-

f _ Difference here, for 10 kHz band, is (250.2—129.9}—(77.0-74.1) =
! 120.3-2.9 = 17.4 dB.
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i
5 Using the 10-kHz band for an example, as belore, the results in Fip, 2

; indlcate that the difference In calculated source levels Ls a reasonably

1 accurate measure of the true difference in atmospheric absorption under the

' two conditions. From the data in Fig. 22, the difference is LSlO,lO,PF ¥

' - LS?O,IO,PF = 250.2 ~ 129.9 = 120.3 dB compared with the exact value of

) 115.8 dB from Fig. 13.

The adjustment factor determined from the difference in practical-

nET Rz,
P,

¥ filter receiver band levels i{s much different than the difference in source

levels because of the lower-stopband contamination problem. Thus, using
= 77,0 = 74.1 = 2,9 JdB in the 10-kHz band,

; ; data from ¥ig, 27, "70,PF - LRIO,PF |
§ - Therefore, if the practical=filter "measured" receiver band levels for z
5 \ ' Ltest and reference conditions were to be used to assess the accuracy of g
% detwruwining band-level adjustment factors, the results in Fig., 22 would E
g - {rdicate a huge error. In the 10-kHz band, the above calculations indicate
g that thoe error would be 120,31 - 2.9 = 117.4 dB for the 600-m pathlength and 3
? ~12 dB/band source spectrum slope. ;
| |
i In addition to the extreme value of the calceulated errvor, use of the E
? contaminated practical-filter recelver band levels to estimate the source :
E levels results In a severe distortion of the true shape of the source g
? spectrum and exceedingly larpe indlcated source band levels as shown in 2
% . Fip, 22. It is noted that calculations of "source' spectra have appearcd %
; . in the literature with shapes very similar to those shown by the LS?O,]O,PF ';
é ‘ and LSIO.IO,PF spectra in Fig, 22, 'The supgpestion is that, although the %
g : caleulated attenuation caused by atmospheric absorption may be approximately j
: ; correct, the adjustment factor has been applied to contaminated, or in- %
Y correet, recelver band levels, J
? 's
To complete the malysis of test-to-reference-day hand-level adjustmuent ?
factors as applicd to sound pressure levels at the receiver which were ]
j

determined using the response curve of a practical filter. It was decided

to examine the differences between the calculated source band levels ?
IS - nq { ‘e N < » < S
(1 10,10, PF i 70,10.PF) ind the calculated recefver band levels
(LR70,PF - LRIO.PF)' Analyses were carried out for the two source spectral ;
70
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stopes of +1 and =12 dB/band  »d Tor the three propagation distances of

300, 600, and 900 m. As fn Scctlon 2 for the analyses using fdeal

filters, adjustment lactors were calculated by the band-integration

metho” and the band-center-frequency method for the eleven bands with

é : canter {requer from 1000 to 10,000 Hz,

Figure 73 shows the results of the analyses. Comparable ideal-

filte results were presented i~ Fig, 14, Note that the ordinate scale

it b AN

; in Fig. 23(c¢) is dift -nt fromthat in Figs. 23(1) and 235(h).

The "error” In the calcealation of tae band- fevel adjustment factor

is seen to Le small to - cplipgible from 1000 Hz to some frequency and then

v to Iacrease very raplaly.  The farpest crrors in Fig, 23 are bopger by a
p factor ol 15 to 20 than tihe largest errors in Fig., 14 for roceiver levels

caleulated with filters having ideal response characteristics. The

L frequency where the ¢ ror starts to increase corresponds to the frequency
g : where the practical-filter receiver band levels start to deviate from the
ﬁ fderal=tilter recetver band levels as seen by compar.ng the results in i
g Figs, 20 and 21 with the error analyses in Fig, 273, é
g Aside from the difference in the shape of the curves and the very i
large lifterence fn the magnitude of the results, the other major differ- %
cence botween the fdeal=rilter results in Fig. 14 and the practical- é
Iilter resuits in Fig, 23 is that in Flg. 23 the "ervor" in calculating %
the band-adjustment factor is somewhat larger by the band-intepratfon method g
than by thu band-center-frequency method.  The reasons he hand-center- %
frequency method gave relatively smaller indications of error than it did %
in Flg. 14 s probably because the spectrum of the sound pressure at the ;
recelver, that war caleulated for the practical filters, 1s significantly i
loess steep than the spectrum cateulated using ideal filters, see Flgs. 20 %
and J1. ;
:

The dffferences showr in Fig., 21 between the two methods are not
egarded as slignificant, however, because the basis for the comparisons
(the so-called measured adjustment factor or difference between reference-
day and test-day receiver band levels) {s obviously not correct in many

bands as can be seen by inspection of the data in Figs. 20 and 21.
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Thus, it is considered that the conclusion of Section 2 is still valid
with regard to the accuracy of the band-integration and the band-center-

frequency methods: namely, that when the band tevels at the receiver are

properly determined, the band-integpration method Is preforred because it

produces smaller crrors for steep, negative, high-frequency spectral

slopes than the band-center-frequency method., For moderate spectral slopes,

however, there is no significant difference in the accuracy of the two

methods and elther one can be used cqually well for determining band-

: adjustment factors.
¥ !
) ‘ The eritical issues in the choice of calculation method scem to bhe:
3 : how accurately are the correct recelver band levels known and, for the band-
3 \ integration method, how accuratelv does the 2-slope method, or some other
? . method, approximate the pressure spectrum of the sound at the microphon~,
"
%‘ \ As a practical matter, there does not appear to be any feasible way to
ﬁ resolve these issues.  The next Scctfon provides additional guidance as
.
b i result of applying the analytical procedures to actual aircraft flyover
i -
? noise measurements,
.
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4. ADJUSTMENT OF AIRCRAFT NOISC DATA
FROM TEST TO REFERENCE
METEOROLOGICAL CONDITIONS

The objective of the second phase of the study was to make a auantitative

} cvaluation of various procedures to adjust mecasured aircraft flyover noise data t
for differences between atmospheric absorption under test and reference meteor-
! ological conditions. A primary application for such adjustment procedures ﬁ
.

would be during analysis of data taken to demonstrate compliance with the

effective perceived noise level requirements associated with aircraft noise

certification., Another application would bhe to adjust data acquired for

specifying A~welghted sound levels and sound exposure levels. Sound exposure

levels (SEL) are the basis for calculatlons of day-night average sound levels,

SR S e TR TR

. a noise descriptor that is widely used In assessments of the enviroamental

impact of noise. Since the two applications used similar procedures, it iIs !

am—"

sufficient to describe the application to alrcraft noise certification,
v : specifically the requirements of Part 16 of the Federal Aviation Regul.ations.5
- The next sections describe the requirements of FAR Part 36 relevant to atmos-

pheric absorption adjustments and the interpretations and assumptions made in

¢ conducting the evaluations reported .ere.

Requireients for Atmospheric-Absorption
Adjustments During Noise Certification

All transport-category, large airplanes and all turbojet or turbofan~
powered airplanes must demonstrate compliance with the applicable noise-
N level requirements of Appendix C of FAR Part 36 (or FAR 36). Noise levels

must be measured and adjusted in accordance with the requirements of Appendix

e e i O e

‘ : A of FAR 36. The noise evaluation quantity i{s the effective perceived noise
w ] level (EPNL) which must be calculated, in accordance with the requirements of

i , Appendix B of FAR 36, from the psychoacoustic descriptor called perceived ;

noise level (PNL) after addition of appropriate tone-correction factors to
* " determine tone-corrected perceived noise levels (PNLT) and a duration-correction

factor (DCF). Requirements for calculation of tone- and duration-correction

factors are also given in Appendix B of FAR 36,

ot ...

[f the test-time meteorological conditions do not conform to the

iilbisk L dacdin i imn . . HT OO PR
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L acoustical reference-day conditions specified in 6A36,5(c) (1) of Appendix A
of FAR 36, then the measured data must be adjusted for differences 1n atmo-

spheric absorption to determine noise levels cquivalent to those that would

have been measurcd under acoustical reference-dav conditions.

§ Currently, the requirements of FAR 36 specify that only the 1/3-octave- !
g band sound pressure level spectrum associated with the maximum test-time

L tone-corrected perceived noise level (PNLTMtest) has to be adjusted for

: o differences between reference and test-time atmospheric absorptlon,

; j

The procedure specificd in FAR 36 to account for differences between

test and reference atmospheric absorption assumes that there s no difference

'xi
' v i ) 1
SN between the dirvectivity of tone=corrcected percelved nofse level under the two !
atmospheric conditions, i.e., that there Is no change In the sound-emission N
K
‘ \ angle or propagation pathlength associated with the maximum value of the tone- i
: corrected perceived noise level.  The assumption that there is no change in i
; i ) i
- the dircctivity of tone-corrected perceived nolse level is equivalent to é
assuming that the duration-correction factor is the same under test and i
H
’ b
reference atmospheric conditions, i
E
i
i
However, 1 cach set of 0. 5-second-average sound pressure levels was to i
be adjusted to reference meteorological conditions, and if reference~day i
tone-corrected pereelved notse levels were to be calculated for each 0,5- ;
second interval, and {f that sct of tone-corrected perceived noise levels 3
: N were then to be scarched to find the maximum reference-day tone-corrected

percefved notse, that maximum value might not be the same as the value of
the reference=dav tone-cvorreeted perceived nofse level calceulated by the
procedure specificd in FAR 36, The dilffercunee would be caused by changes

in the spectrum ol the sound at the microphone, as a result of the test-to

e BT, AR A e bl S eI e

reference=day atmospheric-absorption adjustments, such that the directivity

of the tone-corrected perceived noise level was altered.

3

To distinguish between the maximum tone-corrected perceived noise levels

calculated aceording to the two methods, we use the abbreviation I’NL'I’HrCf to
reprosent the maximum value of the reference-day tone-corrected perceived nolse

levels for the set of tone-corrected perceived nolse levels at 0.5=-second Intervals ]
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and PNl.’l"ruf to represent the reference-day tone-corrected perceived noise

level determined in accordance with the method specified in FAR 36.

3 By the rules in FAR 36, the reference-day effective perceived noise

: ; level, EPNL, is calculated from

ip = I INTTTY - PN
EPNL_ o = EPNL_ .+ (PNLTL o - PNITM, (46)

= P '
o) = PNLTL

+ ;
ner .,

f st

where DCFtht is the duration-correction factor under test=time atmospheric

e A i L o T

conditions.

v Equation (46) is strictly applicable only when the reference and test

flight paths, power settings, and airspeeds are the same. If the flight
paths are not the same, then additioral adjustments are included to account
(1) for the differences In reference-weather atmospheric absorption because

of the dilferent propagation pathlengths and (2) for the difference in inverse-

square divergence loss over the two propagation pathlengths. Other corrections

have to be included for differences in engine power setting and airspeed.

[f the test and reforence flight paths are not the same, then 5A36,11(e)

also requlires the addition of an adjustment which is proportional to the ratio

T e T S T e P N A T SR T

of the mintmum distances to the flight paths, The basis for this geometric
factor is an assumption that the airspeeds along the test and reference
flight paths are the same., The adjustment thus accounts for the longer, or
shorter, duration between the same sound-propagation angles for test-time

fiight paths that are higher, or lower, than the reference flight path.

The analyses reported here did not consider any effects caused by

differences between the test and reference flight paths as a resulc of
differences In hefght overhead or [lightepath angle since such differences
are not relevant to comparisons of different procedures for determining

atmospheric absorption losses. Nor were differences in engine power sctting

or airspeed considered. The analyses followed the requirements as piven fn
the 3 April 1978 versfon of Appendix A of FAR 36, Adjustments for differences

in atmeospheric absorption losses were applied only to the spectra at the time

b
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;
g of occurrence of the maximum test-time tone-corrected perceived noise level,
; PNLTMtest‘ Similarly, reference-day sound exposure level was determined
by calculating absorption=loss adjustments for the pathlengths at the time
‘ of occurrence of the maximum test-time A-weipghted sound level, ALMtest'
No investigation was made of the differences in atmospheric-absorption
adjustments that would have resulted from using the procedure required by
T some Luropean noise-certification authorities for determining reference-day :
E ' FPNL.  That procedure requires that the spectrum at each 0,5-s interval
é : throughout the 10-dB-down duration, instcad of just the spectrum at the |
g o time of PNLTMtcst’ be adjusted for differences in atmospheric absorption ;
% . Y under test and reference conditions.  lFor effective percelved noise level, ;
% the value of l’NL’l‘Mrer is determined from the set of l’NLTref values. A dura- :
5 ‘ ' tion~correction factor under reference conditions is determined from the

; I’Nl,'l‘rcr vialues and used to calculate the reference-day ¢ffective perceived

| . nolse level from EPNLref = PNI,’I‘Nrer + DCFrof’

é

; Requirements for a Layered-Atmosphere Analysis

f The original issue of FAR 36 required the measurement of air temperature
? l and relative humtdity at o height of 10 m above the ground surface at a loca-

tion near the microphones.,  Test-=time metceorological conditions were acceptable

only 1f the 10-m (or "surface") temperature was between 5° and 30° C and the

SIPPEE T L I VNI, L WNCI P08 NP

redative humidity was between 30 and 90 percent, and there was no inversion

> {or positive gradient) of the temperature lapse vate. Tn determining adjust-
under test and reference condi-

P o e

ments for differences in atmospheric absorptlion

{ tions, only the surface conditions were used to calculate the test-time atmos-

pherice-absorption coefficionts,

While vertical profiles of alr temperature above the surface had to be

_ .
e PN R NI s b e

.
measiurced to assure the certifying authorities that there was no temperature

inversion present at the time of the noise recordings, there was no requiremeat
to measure relative humidity aloft or to consider absorption losses over the
sound propapation path.  Thus, a test could be conducted under conditlons where

the actual absorption losses were larpe over a significant fraction of the

' f
i v
[y
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propagation path, but the adjustment factors from test-to-reference conditions
were relatively small because the surface conditions were not too different

from the reference conditions,

The 3 April 1978 version of Appendix A of FAR 36 permits noise-certifi-
cation compliance testing under a wlder range of meteorological conditions
than those of the original fssue. The change gives an applicant for a noise-

S . ' type certificate more flexibility in choice of test sites and test schedules.

Air temperature and relative humidity, however, must both be measured from

the surface (i.e., from 10 m above the ground plane) to a height greater than
the greatest height of the aivplane durlng the time when PNLT is within

test
p SN T
Y JO dB of INLTMtest.

R IO

? \. : Over that portion of the sound propagation path (presumably at the time }
of PNLTMtost) between the afrcraft (presumabiy meaning at the Llocation of the

4 ! cquivalent airceraft noise source at the aircraft reference polnt) and a point

10 m above the ground at the nofse measuring vtation, the requirements in

5A36. L(¢) for 3 April 1978 are that :
3

e the air temporature must be berwveen 2.2° and 34%° €

3 ¢ the relative humidity must be between 20 and 95 percent
o the atmospheric absorption coefficlent, as calculated
using SAE ARPGOA, must not exceed 12 dB/100 w at a

3 frequency of 7100 Hz for the 1L/3-octave band having a

5 nominal hand center frequency of 8000 Hz,

Compared with the eriginal issue, the so-called weather window was thus
maue considerably lavger Ja the 3 April 1978 version of FAR 36, Teusting is
now permitted in the presence of temperature inversions., Atmospheric condi~
tions aloft can be more absorptive than at the surface as long as the 12 dB/100 m

rule is obscrved for the 1/3-octove band at 8 kHz.

However, because testing s now permitted when temperature inversions
are present, a layered-atmosphere procedure was developed by the FAA to help
provide consistent and repentable results,  Meteorologlcal data must he

measured periodically throughout the day of the test from a height of 10 m
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to the height of the airplane and at timcs that are withir 25 minutes of each
atlreraft nolse measurement., At each helght where data are measured (at height

Intervals not exceeding 30 m), the measured metcovologleal data must be inter-

polated to the time of the nolse measurcment,

1
% The average alr temperature and relative homidity must be determined over ;
i cach horizontal layer of the atmosphere using the meteorological data, at 10 m 3
{ l and aloft, Interpolated to the time of the noise measurement. Atmospheric ;
1 : ahsorption coefficients must be calculated by t'e method of SAE ARP866A (for
j the 1/3-octave band with nominal band center ‘reguency of 3150 Hz) for the : %
g : averdge temperature and relative humidity over each layer. 3
1 v ﬂ
s According to §A36.9(d) (2), if the atmospheric absorption coefficients over 1
? ' all the layers up to the height of the alrplane (at the time of PNLTMtest) do é
g ‘ not vary by more than 10,23 dB/100 m (or 0.7 dB/1000 £t from the value @
g’ calculated from the test-time alr temperature and relative humidity at the %
f - 10-m height, then only the metcorologiceal data at the 10-m height need be used §
to determine the test-time atmospheric-absorption coefflefents for use in é
f caleulating test-to-reference-day adjustment factors., If desired, the full i

sen of meteorological data mav also be used, instead ol just the 10-m data,
to determine adjustment factore when the conditions aloft permit the
#0.23 dB/100 m deviation criterion at 3150 Hz to be met. All temperatures

and relative humidities aloft must also satlsfy the weather-window criteria

P TTA  S

cited above from §A36,1(c).

When the meteorological conditions aloft are such that the +0.23 dB/100 m
deviation critevion eannot be satisfied, then an average test-time atmospheric-
absorption coefflcient must be determined for each of the 24 bands with nominal

1/3-octave center frequencies from 50 to 10,000 Hz, The average coefficlent

must be computed using the coefflcients calculated for the average temperature
‘“2 and relative humidity In cach layer. 7The attenuation applicable to each 1/3-

oetave band must be calculated for the entire sound propagatlon path (at the

time of PNLTMtoﬂt) from the sum of the attenuations over the lengths of the
. Y

segments of the path cortained within cach layer. An averape test-time

atmospheric-absorption coefficient is then found from the ratin of the tote!

attenuvation over the path to the length of the prapagation path. The avevage

80
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test-time absorption coefficients must be used in determining the adjustment
factors required in §A36.11(d). The process just described for determining
the average attenuation rates i1s known as the layered-atmosphere analysis
method. The alternative procedure, which may be used when the meteorological
conditions aloft permit its use, 1s known as the 10-m, or surface-weather,
method.

Reference Meteorological Conditions

Meteorological conditions for the acoustical reference day are defined
in §A36.5(c) (1) of FAR 36. They are

(1) sea level pressure of 1.0 standard atmosphere (0.760 m of mercury);
(2) an air temperature of 25° C (298.15 K);

(3) a relative humidity of 70 percent; and

(4) zero wind.

The reference meteorological conditions must be used to establish the
reference takeoff flight path; the reference takeoff and landing airspeeds;
the reference takeoff, cutback, and landing engine-power settings; as well

as the reference pure~tone atmospheric-absorption attenuation rates.

A uniform, reference atmosphere with constant conditions at any height
was selected by the FAA for a layered-atmosphere analysis on the grounds that
such a definitina provided consistent, repeatable, and creditable test results,
A uniform, reference atmosphere was also regarded as being consistent with the
process of determining average atmospheric-absorption sound attenuation rates
when the test-time meteorological conditions aloft were such as to require

the use of a layered-atmosphere adjustment method.

During the petiod of time that the proposed rule, which led to the 3 April
1673 version of Appendix A, was out for public comment, it was suggested to the
FAA that the requirement to consider atmospheric absorption losses along the
sound propagation paths from the aircraft to the microphone should also mean
that reference lapse rates should be included in the definition of reference
meteorological conditions., This suggestion was not accepted by the FAA for the

3 April version of Appendix A or for use as an FAA-approved equivalent procedure.
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General Requirements of FAR 36 for
Aircraft Noise Measurement and Analysis

This report is primarily concerned with cvaluation of alternative procedures

for adjusting measured aircraft noise data for differences between the atmospheric

absorption that occurred at the time of the measurement and that which would have
occurred Lf the atmospherce had had acoustical reference meteorological conditions. J
f The adjustments would be applied as part of the analysis of mcasurements made to j
? demonstrate compliance with alrceralt nofse-certiflication requlirements of FAR 36. ’
? The major clements of the general requirements of FAR 36 for measurement and L
és ; analysis of aircraft noise are reviewed here to establlish the basis for the %
? ) E structure of the computer propgram that was preparced Lo ovaluate the alternative .
t ;
d ' : procedures. Sdbsuquént discussions present some of the interpretations and
' ; assumptlons that were made to carry out the evaluations, :
v Appendix A of FAR 36 contains a host of detatled requirements for measuring, §

analyzing, and reporting aircraft noise data and assoclated airplane and meteoro-

logical parameters.  The measurement requirements fall into two categorices:
data acquisition and data processing, We are concerned here with data acquisi-

tion, data processing and analysis,

There arc {ive principal measurement systems involved in acquiring aircraft

: noige data. The systems arce for measuring (1) acoustical data, (2) alrplane
tracking data, (3) meteorological data, (4) airplane/enginc~-parameter data, and
(5) time~code data for synchronizing the recording of the aceustlcal, tracking,

and airplanc/engine data,

For euach noise measurement, data acquisition consists of the following

sequence of five general steps:

(1) meteorological data are measured at the surface and aloft;

(2) Dbackground noise (amblent noise plus electrical instrument E
noise) is recorded;

(3)  the test ailrplane Is set up to fly over, or to the side of, a
microphone at constant conditions (L.ec., constant engine power i
setting, alrspeed, alrplance configuration, airplane attitude, J
and flight path angle);

(4) as the airplane flles over the microphone, simultaneous
recordiops arve made of svchronizing time-code signals and
(o) the afreraft noise signat, (b) airplane parameters, and
(¢) the location in space of the alrplane reference point; and

(%) after the test alrplane has cleared the area, meteorological
data -'re again measured at the surface and aloft.
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Data processing is considered to include those steps which lead to

generation of the basic data which are subsequently analyzed and reported.
Analysis includes all the adjustments from test-to-refercence conditions,
calculation of effective perceived noise levels under reference conditions, i

and determination of compliance with the noise certiflcation requirement.

Data processing includes the following four general steps:

Y T T

' (1) determine meteorological data, at the surface and aloft, which
: . are appropriate for the time of the noise measurement by i
j : interpolating the surface (i.e., 10 m) data on time of day and
! : interpolating the data aloft, on height and time of day, to

i : produce data at heights that are not more than 30 m apart;

(2) at nominal 0.5-s intervals throughout the duration of the flyover !
' noise recording, determine 1/3-octave~band sound pressure levels
\ ' at each microphone for the 24 nominal band center frequencies
between 50 and 10,000 Hz; ;

(3) determine the coordinates of the airplane reference point
throughout the duration of the alrcraft noise recording in
time synchronizatlon with the aircraft noise data; and

S ——

(4) determine the values of the (nominally constant) airplane and
cngine parameters throughout the duration of the aircraft
noige recording in time synchronization with the aircraft
noise data.

LT T nT

The sound pressure levels must be cotrected for aonideal frequency-

response factors such as the effect of a microphone vindscreen on frequency

T A T L] TR W

response and sensitlvity, microphi.. diffraction effects on the frequency

response of the microphone when the sound impinges on the microphone's

E ) sensing clement at other than a grazing incidence angle, the effect of

i using an electrical pre-emphasis network to boost the sensitivity of the

g b recording system at higli frequencies in order to capture more of the high-

h frequency content of the aircraft's nolse signal, and the effect that various
%h\ ™ components of the data-acquisition/data. ,rocessing system have on the flatness

‘ - or uniformlty of the system's frequency response. The filters must conform
to the ANSI or IEC Class III requirements for 1/3-octave-band filters.

#‘ : Corrections for nffective noise bandwidth must be included for each filter,

More importantly, the sound pressures must be suitably time averaged as
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well as corrected for the contaminating Influence of high levels of background

noise.

Vith regard to time averaging, FAR 36 requires that the 1/3-octave
band sound pressure levels be generated at time intervals that are spaced at
500 ms L 5 ms. lurther, a time interval of no more than 50 ms can be used to
read out the 24 values and no more than 5 ms of data out of every 500 ms
sample may be excluded from the average. The real-time analyzers most often
used for processing aircrafft noise recordings satisfy those requirements. The
electrical signal from the tape recorder is supplied to cach filter band
simultancously. The output of the filters Ls sampled at a high rate, squared,
and summec over a period close to 500 ms. Summations from the parallel-
connected filters are scanned sequentlally by an clectronic scanner and stored
with time-code signal on a recorder. The time average of the electrical
analog of the squared pressures s found by dividing by the averaging tlme.
The togarithm of the result s taken to produce, with suftable sealing,

sound pressure levels relative to a reference pressure of 20 yba,

The process described above ls sometimes referred to as linear averaging.
Some sound level meters and analoyg types ol data-processing instruments use

resistor~capacitor networks to perform an offuective integration of the input

slgnal; that process is referred to as cxponential averaglng., With exponential

averaging, the time constant, and hence the damping, of the signal can be ad-
justed. To facilitate the measurcment of fluctuating as well as relatively
steady sipnals, sound level meters Incorporate both low-damping (or FAST) and

high-damplng (or S5LOW) dynamic-response characteristics,'!

A lincar average over a 500-ms period corresponds, approximately, to the
FAST response characteristics of a sound level meter. Appendix A of Part 36,
however, requires that the dynamic response of the data=processing system
simulate the damping characteristics of the SLOW response of a sound level
moter.,  To meet that requirement, additional smoothing is often {ntroduced by
employing a running average, on a mean-square basis, of scquentlal values

of two or Lhree of the 500=-ms Fincar-averaged time~Integroted data samples.
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The running average is performed by a digital computer after the 1/3-

octave band real-time analyzer has produced the serics of data samples at

: 500-ms intervals. The number of data samples to include in each running
average is determined emplirically for the particular characteristics of the
data-processing system rel-tive to the detailed requirements in Appendix A

;, and to the rates at which the noise signals vary with time during the flyover
nolse recording. References 12 and 13 contain additional discussions of data

averaging methods to meet the dynamic response requirements of FAR 36 when

H C analyzing transient alrcraft noise signals (which can include rapidly rising

and rapidly decaying signals from a flyover at a low altitude).

The discussion of averaging Is Included here because the averaging
v process s relovant to atmospherice absorption. The averagling process not
only atfeets the magnitude of the sound pressure levels, it also influences

the chofce of the time to assocliate with cach data sample and hence the

fdentification of the average angle of sound propagation and the propagation

i . pathlength. Moreover, the running-averapge method distorts the time variation
5 of the noise levels by foreshortening the time before the time at the closest
% polnt of approach and lengthening the time after the time at the closest point
E of approach, see the discussion iv Ref, 14, The running average method can

E thus affect the value of the duration correction factor.

For the study reported here, all sound pressure levels were obtained
using only a 500-ms averaging time, Shorter averaging times, which would
have tmproved angular resolution at the expense of gtatistical reliabildity,
were not considered. No attempt was made to obtain additional smoothing or
to mateh the SLOW response characteristics of sound level meter because
\ the running averape method complicates the correlation between a sample of
aireraft notse and the corresponding locatlon of the aircraft on the flight
" patheat the time wbhen it emitted the sound characterized by the particular data
o samples Morcover, there was a concern chat if the present Part 36 requirement
should be chanpged n the Tuture to make 1t consistent with tbe European
practice of determining atmospheric-absorption adjustments 2t 0.5-8 intervals,
Instead of Just at the time of pNLTMtcsv' then 1t might be more correct,
techinleally, to compute the running-average valuea after, instead of bhefore,

applying the atmospheric=absorption adjustments,  Considerations of when Lo
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perform a running averape. however, were hovond the scope of the current stady.

For correlation purposcs, the time asshycinted with each 500-ms sample
of time-integrated squared sound pressures was assvmed to be the midpoint of

the 500-ms period. The relative data~processing start time at 0.0 sec was

assumed to be at the beginaiong of the first 500-ms sampie.

With regard to the second major correction factor (namely, background
nolse contamination), it is a requirement of 5A36.5(d) (3) of FAR 36

that the 1/3-octave band sound pressure levels of the airceraft noise signal,

at ecach 0.5-s interval ove: the duration from when the PNLT is first equal

to 10-dB less than PNLTM to when it is last cqual to 10-dB less than PNLTM

(or the durat fon between the 10-dB-down times), must be at least 5 dB

preater than the corresponding cquivalent sound pressure levels of the

backpround noisc. It also is a requirement of 8A36.5(d)(3) that no test-time

EPNL may be computed or reported irom data from which more than four 1/3-octave-
band sound pressure levels have been excluded because of background noise

centaminat fon for any spectrum within the 10-dB-down times.

Sound pressure levels that exceed the backpround noise level by more

than 5 dB may have the backpround noise contribution removed using the rule

by, = 10 Ton (10" bpam _ 01 Ip by 47

where L) _ is sound pressure level of the aircraft noise signal, Lp n is the
1

5
measured lovel of the combination of the siygnal and the background noise, and

is the seound pressure level o the backpround noise.  Equation (47)

L, - kL > 5 dB.
Py Pah

I'l)'h
applies with the restrict fon that

Because the true ley of a high-frequency aireraft noise sipgnal can be

very low as a result of atmospheric absorption, it is extremely important that
an accurate and appropriate background noisc spectrum be obtained and that

the 5-dB rejection rule be carcfully observed., When the propagation path s
relatively Tong, or the atmospheric conditions are quite absorptive, or both
then many of the high=frequency, or cven low- or mid=-Trequency, band Tevels may

be rejected because of backpround nofse contamination. Reference 15 describes
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background noise considerations in analyses of aircraft nolse measurement: for

certification purposes.

e - i s

Some aircraft noise analyses have attempted to use an estimate of the

i b it ey o L A o AT i N e S Tt

R spectral shape, or other procedures, to cupply estimated values for 1/3-octave-

4
H
[

i

hand test-time sound pressure levels that have been excluded by the 5-dB

rule. Atmospheric absorption adjustments have been then applied to the esti-

SRzt D

matoed band lovels in order to determine reference-day sound pressure levels,

As part »f an analysig of simultancous measurements made in the period

from January to March 1975 by the NASA Langley Research Center and the :

Douglas Aircraft Company of the noise produced by a McbDonnell Douglas DC-9
rowered by a relanned versfon ol the JT8D engine and by a Mchonnell Douglas DC-9

powerced by JI'TBD engines with no acoustical treatment, Hosier'® of NASA-

\ Langley described the use of an arbitrary -2 dB per 1/3-octave-band rolloff
for high-frequency sound pressure levels that had been rejected because of

contaminat ion by backpround noisc. Because the level of the background noise

i
f
By
r
it
[

was quite high and the level of the high-frequency alrcraft noisce signals
was rather low, the arbitrary rolloft! was applied by Hosier starting at band
; center frequencies of 1600 to 2000 Hz.o  The NASA-Lang'ley data-processing

system also used a running (or moving) average procedure to simulate the

exponent ial time weighting of the SLOW response of a sound level meter.

Reference-day high-Trequency sound pressure levels were calculated hy NASA

from test-time sound pressure levels determined usirg the -2 dB per band rule.
In analyzing the same noise recordings, Hosier noted that Douglas Aircraft
A Company usced a spectral truncation rule similar to that used for the data

analyzed for the present study,

] In general, there is no valid basis for determining the true values for
sound pressure levels rejected because of background noise contamination. There-
1 .. Fore, In this study, when the measured sound pressure level was not more Chan

haes 5 dB above the background nolse level, the indicated sound pressure level was

b

set equal to the arbitrary value of 0.0 dB. A value of 0.0 dB was chosen

ey

since, with the systems that were used for data acquisition, the minimum

R
measurable 1/ 3-octave-band sound pressure level was hetween 30 and 35 dB. )
i

—
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No spectrum synthesis, or spectrum vdtis o o (@ . cas oused n this
study to make up a complete 24-band spectrun o ' bty A id seound
pressure levels from a spectrum that was .iissing so. 7« we=band sound
pressure levels because of background noice contarmina t a band sound
prissure level of 0.0 dB was included in the spe rcum oo g diw ed for

atmospheric absorption losses, then no adjustment was calculated for that
band. [ a band sound pressure level was sot to 0.0 dB, the perceived noisi-

ness for that band was set to 0.0 novs.

'rocedures used during data procesring for time averagping and for correce-
ting Tor backpround nolfse contaminat fon have been discussed In o some detail
here becanse a varloty ol procedures are emploved in pract Peo, bt b gy
discussions above In Seetions 2 and 3 pointed ot the tmportance of haviog
val id measurements of the sound pressure tevels at the recelver (or micro-
phone) and showed that adjustments for atmospheric absorpt fon losses could
lead to spurjous estimates of reference-day sound pressure levels if the
test-day sound pressure levels were not valid.,  Time-averaging and background-

nolse-correction procedures can have a significant effect on the validity

of the test-day sound pressurce level data,

Basic Assumptions Helated to Atmospheric
Absor,..ion Adjustments

Four basic assumpt fons were made o appiving the analvtical aethads to
detornine atmospheric-ahsorption adjustment Factors for afreralt flvover
noise measurceEents. Those assumpt fons arve commonty used o analvses ol data

Por an alreratt-nels —certificatton compl fance demonstrat fon,

(D TVor ecach froquencey band of interest, the effoctive source of the
sound produced by the airveraflt at anv point oa the flight path is
at the location of an airceralt reference point,  The afreraft
refererce point is that whicn is used when tracking the afrcraft
during the tlvover noise recording.,  This assumption {s tantamount
Lo an assumpt fon that the ajreraft-to-microphone distance is alwavs
Parpge enouph thavt the microphone is in the acoustic and geometric
far ficld and that the aireraft's neise sources can be considered
to radfate from an cquivalent acoustic point source.

(2)  Sound from the ecquivalent point source of alrcraft nofse propagates

outward without distortion of the wavefronts as o result of refraction

by temperature gradicnts or seattering by atmospherie turbulence
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caused by inhomogeneities in alr temperature or wind velocity.
Sound is, therefore, assumed to travel alonp straight rav paths
! from the source to the microphone,

(3) Nonlinear propagation c¢ffects on the waveform, and hence spectrum,
of high~amplitude sound pressure signals can be neglected.  (This
assumpt fon, while it has almost universally heen applied in previous
analyses, may need closer scerutiny for future studies. Webstor
and Blackstock, Ref., 17 conducted a study which indicated that the
hiph-frequency speetrum fn the far (feld of a high-amplitude sound

source could be significantly affected by nonlinear propagation
cffects.)

The assumpt fons, that the airplane noise sources could be represented
. by an cquivalent acoustic point source and that the sound propagation paths

A were stralpht Tines from the locat ton ol the source on the Tlight path to

the microphone, were used (in conjunction with time synchronization ol the

svstems Tor recording acoustical, alrceralt, and tracking data and with the

am—"

! identilication of cach (L% sample of noise data at the midpoint or the
b
f1 500-ms averaging period) to deline the peometrical relationships botween
L{: ~
¢ the nolse source and the receiver,
i
i (4) The fourth basic assumption was that the spectrum of the sound at the
3 microphone contained no disercte=frequency components.  The spectrum
f wis dassumed to be broadband with a prelatively smooth distribution of
4 acoust ic energy over the 10 to 20,000-Hz frequency range of interest.
i ['The trequency range of interest contains frequencies that are
9 below and above the usual frequency range (45 to 11,200 Hz) to
i account for cnergy transmitted through the lower and upper stophands
: ol the 1/3-octave-band f{lters. )

; .

; For the afreralt tyvpes and cngine power settings for which data were

'y
ﬁ ! available, the assumpt ion that no discrete-frequency components were present

. ! -

i — fn the spectra was reasonable, especially for the hipgh frequencies where

i . , ' ;

3 \ atmosphoeric-absorption etfects are most noticeable.  Atmospherfc absorption

3

e | adjustments for discrote-frequency components within a 1/3-octave-band

¥ -

speetrum should, theoreticallv, be treated separately espectally if thedr

i frequency s near the bhandedge of a filter.  Changes in the apparent f{requency
ot sound as the afrplane approaches and recedes from the microphone (i.e.,
Dappler froqueney shifts cavsed by changes In the magnitnde of the relative
speed of the source and the receiver) should aiso be considered in calculating

atmospheric-absorption losses for discrete-frequency and broadband aircrafte

sounds.
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Assumptions Regarding Calculation of Tone-Correctiun Factors

Determinatioa of effective percelved noise level requires caleulation of
a tone-correction penalty which is to be added to the perceived noise level
to form the tone-corrected perceived noilse level. Section B36.5 of Appendix B

provides details of the procedurce to be used to calculate tone-correction factors,

However, straightforward application of the procedures of §B36.5 would
have produced spurious and inconsistent results because (1) some of the 24 band
levels in many of the 0.5-s data samples were expected to be missing since they
had been rejected because of contamination by high background noise, and (2) all
spectral data samples were known to contain spectral trregularities caused by
cancellation and reinforcement ef focts rosulting fron interference between the
sound that directly impinged on the microphone and sound that woas roflected
From the pground to the microphone and arrived out of phase, Cround refleetion
elfects were contalned In the spectral data because the microphone wis placed,
as required by FAR 36, at a heipght of 1.2 m above the ground surface.  The
requirements ol Appendis B ool FAR 36 were Interpreted, as allowed, to avold
calculating tone-correctlion penalties for spectra with missing band levels or
spectral dfrregularities from ground reflections. The intent of Appendix B is
to calculate a penalty for an afreraft notse spectrum having pronounced
irregularities causwd by discrete=frequency atrerait nolse sources, not
speetral frregularities caused by backpround-noise contamination or ground-

reflection effects,  The wording of SB36.5(¢) reflects this intent.

Another specilie interpretation that had to be made was to lgnore the
requirement of AA36,5(d) (3) that no EPNL be calculated or reported if more
than four band levels are missing from any spectrum within the range of the
10-dB~down times. That requirement, which may be reasonable for data-acquisi-
tion svstems In use after 1978, could not be retroactively applied to the older
systems used to acquire the data availiable for the study. To have incorporated
the requirement of #A36,5(d) (3) in the analyses would have climinated most, if

not all, the data that were available,

Section B36.5(m), in the 3 April 78 verston of FAR 36, Appendix B, permits
the exclusion of tone-corrcction penalties resulting from pseudotones caused
by ground-reflection effects in the 1/3-octave bands with center frequencies

of 800 Hz and lower (f.e., band numbers 29 and lower). Spectral irregularities

-
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produced by pround=reflection effects are most pronounced it low frequencies

(usually in the ) to 400-Nz bands) and are generally neglipgible above 1000 Hz.

TR Wy

In Rel. 18, Rackl discusses problems caused by pseudotones in calculations of

tone-correction factors and recommends changing the microphone beipght from

i

& 1.2 m to 10 m for future atreraflt=noisce-cortification tests,

by 3
3 !
L

l‘ »

] Because there was no convendont way to eliminate the specteal Drrepnlavities

)

4 caused by pround-ref lection effects fn ihe measured seund pressare levels, sab-

g rout fne P36TC in the computer propgram [ncorporated the option of AB36,5(m) and

i H

R \ N

] : calceulates tone corrections only over the range of band center frequencios

from 1000 Uz (band 30) to 10,000 Hz (band 40), sec Volume 1T,

Tone correctivas were, however, calculated for band sound pressure level

differences (¥ values) down to 0.0 dB according to Table B2 of §B36.5.

To avold the caleulation of a tone correction for a spectrum with hand

A Tevels missing (n the 1000 to 10,000 Hz range, a procedure was adopted which
wits derived Trom a Clyover-nolse-analysis computer program calted OMEGA 5.5,
3 That propgram was preparcd Tor the Biodvnamics and Bioenpineering Branch of the

USAE Acrospace Medical Rescareh Laboratory at Wright-Patterson Alr Foree Base.

A deseription of the USAF computer program {s piven in Ref. 19,

The procedure for avolding tone corrections caused by missing band levels

k wits to Timit the spectral scarch to those bands around the band containing

the maximum sound pressure level (in the 1000 to 10,000-Hz range) which had

T

q ~ sound pressure lTevels > 20,0 dB. A minimum sound pressure level of 20.0 dB
wan chosen because the lTevel in a band contaminated by background noise was
‘ set equal to 0.0 dB. Therefore, {1 the Indicated sound pressure level was

20,0 dB, that level had to be valid.,

f
b
g
4

The ¢leven bands from 1000 to 10,000 Hz (i.e., band 30 to band 40) are flrst.

v

\ et i ekl T e P

searchoed to locate the miximum 1/3-octave-band sound pressure level and {ts

hand number.  The spectrum is then scarched from the maximum sound pressuvre
level toward band 24 to find the band number where the level is first less than
é- 20,0 dB. The search is then repeated from the band having the maximum band

level toward band 14 to find the first band number where the level is again less

than 20.0 dB. Tone corrections are then calculated over the range of consecu-

tive sound pressare levels that are all » 20,0 dB. A rule is used that therc
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have to be at Lleast slx consecutive bands of valid data (out of ¢leven) for the
tone-correction computation to proceed. 1If there are fewer than six consenutive
bands where the sound pressure levels are > 20.0 dB, th. tone correction lactor
1 set equal to 0.0 dB and a flag 1s set as a warning that there were insuffi-

clent valid data in that particular data sample.

EERE SRS e e Pl Y R YIS

The rationale for limiting the tone-correctio: search to sound pressure
Levels > 20,0 dB was derived from B36.5(%) of Part 36 which permits the use
of & frequency analyzer with a bandwidth less than 1/3-octave band 1f it is
suspected that a calculated tone-covrection peunalty results from other than

a discrote-frequency aircraft noilse source.

Two other problems addressed in development of the subroutine to calculate
tecne-correction factors were band shaving and the identifization of "tones" re-

sulting from sharp spectral chaunges causzd by atmospheric absorption. For many

aircraflt noise measurements, both of rhese prublems are ofton present in tlie

A

ll-band frequency range from 1000 to 11U 000 Hz.

S g

Band sharing means that the sound pressure lovel in some band is affected
by the prescnce of a high-amplitude discrete-frequency component *n an adjacert
band, Band sharlup is often encountered when a discrete-frequency compenent ﬂas
a frequency near the edge of a band., The problem of band sharing 1is causaed by
the non-ideal response charaasterlstics of oraztical fllte-s., The influence of
the sharing of energy between adjacent baris will vn;y with time ouring a
measurement of afrcraft (lyover noige. Furthermore, becaute of band sharing,
two adjacent 1/3-octave-band sound nressure levels can be "encircled” in the

tone-correction calculation process prescribed in Apoendix B of FAK 36,

N T P L SRS e SO

If two adjacent bands are encircled [meaning identified as possibly co., -

talning discrete-frequency components], the rules of Appeadix B in the Apri?. 1978

%
:“;:‘
b

version of FAR 136 do not provide a means to distingtish which band actually

does contain the discrete-freysency cumponant and to assign the tora-correciion
penalty to that band and not to :he adjacent band which could be in a frequaen-~:
range where larger F factors were caleulated and which could thereby yield an
Inappropriate value for the maximum tona-correction factor. Even tnough che air-

craft signals available to this study did con*ain discrete-frequency ccuponcnts
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from fan noise which could have causced a bind-shaving problem such as described
above, [t was not within the scopv of the study to atzempt te develop o speclal ﬁ
rule for computing tone correet lons wien two adjocent bands wers enciveled,
The rules of 5B36.% were simply applled In o strealpht lorward muer to all
val id sound pressure levels between 1000 and 10,000 Hz and the largest tone-

correction penalty so calculated was fdentiffed as the tone-correction factor
| \

A A T o e T P R A I P T e

for the sgpectrum.

T e

‘ ! '.'
§ . “he other agpect of band sharing wheteby the frequency of some particular

?

é discrete-frequency component (e.g., the fundamental of the fan-blade-~passing

frequency) shifts from one band to another because of Doppler effects as the

=Pt

%. N alrplane passes overhead was also specifically not included 1n the program for
g

Q~ analyzing the flyover noise data. For this problem, paragraph B36.5(n) of

by .

% Part 36 requires that the average of the Mive tone-correction factors around

4

the time of occurrence of the maximun tone-cvorrected perceived nolse level

(two buefore and two al'ter) be computed and compared with the tonce-correction
factor calculated for the maximum test=time tone=corrected percelved noise Jovel,
The average tone-correction factor s to be substlituted for the tone-correction
factor that had been calculated for the spectrum at the time of PNLTM, If it is
larger, and thus increasce the previcusly determined value of PNLIM but not chanpe

its time of occurrence.

Incorporating the reauirement to compute an average tone-correction factor

Into the computer program mipght have increased t{he value of the test-time PNLTM.

i . The test-time duration-correction fdactor would eitvher decrease or remaln the

same,  Adjustment factors from test-time to reference-dey conditions would he

the same for the 1/3-octave-band gound pressure levels whether or not an average

. tone-correction factor was calculated. However, chanpes in PNL, PNLT, and £PNI
would have been distorted because the sound pressure level adjustment lactors
arce calculated only for one 0.5-s data sample and hence there would be no way

' to determine the change in the average tone-correction factor for refereace-

day conditions. Calculation of reference~day adjustment factors at every 0.5-s

Interval might be one way to climinate the potential distortion that arises 1

when the tone-correction factor for the test-time PNLTM is increased because of

band sharing.
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for sharp spectral changes caused by atmospherle absorption, consider a broad-

band source of sound such as jet nolse. 17 the siganal from such a source

;
V.

;

R

:

é ‘ With vegard to the problem of tonce-roriyection penaltices being identificd
E

i

] propagates a long distance under moderate to highly-absorptive atmospherice

4

conditions, the high-frequency portion of the spectrum will decrease rapidly

with increasing frequency. The tone-correction calculatlion procedure in

Appendlix B of Part 36 will treat any sudden change in spectral slope as a
: spectral irregularity and compute a corresponding tone-correction penalty. Since |

the source of sound does not contatn any actuval discrete-frequency components, the

R

b tone-correction penalty assoclated with the effect of atmospheric absorption could f
% ; be the largest of the topne-correction penalties for that spectrum. The resulting ;
%" v tone=corrected percefvred noise level could turn out to be the PNLTM for that re- '
?I _\ cording of I'lyover noise, f
. |
E Although assignment of a tone-correction peralty for a spectral irregularity

caused by atmaspherfe absorption was considered to be as fnappropriate as tone- &

corvrect fon penaltics for Irrepgularitices caused by ground-reflection eflfects,

AR

there was no obvious wae to modify the tone-correction procedures to eliminate

o

the problem. Thus, again because of the limited scope of the study, the proce-

aure from the April 1978 version of Appendix B was used witbout modification and

the probable occurrence of tone-correction penalties for atmogpheric-abgorption

'8

g ef feets was anticipated, Note that ronc-correction penalties fovr spectral irregu-

% larities caused by atmospheric absorption are similar to those caused by spectra

2 from which band levels were missing because of contamination by high-level back-~

% N pround noise. However, there was no casy way to eliminate the spurious penalty

& as there was for the missing-band-level problem or fer the ground-reflection

J ' prohlem,

ﬁ

j v Before it was used tor analyzing flyover noise data, the computer subroutine
P36TC tor caiculacing tone-correction factors was modifjied to cover a complete

24-band spectrum and checked against the example in Table B3 of GB36.5 of FAR 36,

T3 T e N S bl ot st St b L A S T M e T AT i e e "

The check alsu Included the caiculation of perceived noise level, All entriles

in Table 83 of Appendix B were replicated by the subroutines given in Volume T1.

Calculation of perceived noise level by the computer program uses a math-

matical formulation that carn reproduce the perceived noisiness values in Table Bl
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of Appendix B, Table Bl was extended, in the 3 April 78 version of Appendix B,
to a perceelved nolsiness of 001 nov from the minfmun value of 1.0 noy in an
carller version,  The mathematical formulation piven in SB36.13 of FAR 3¢

(3 April 78) is consistent with a previous version of Table Bl and is not
applicable for perceived noisiness values less than 1.0 noy. Additiocnal slope
factors and breakpoints had to be déveloped and included inthe computer program
in order to be able to compute PNL according to §B36.3 and Table Bl. The
mathematical formulation that was used for perceived nolse level calculations

(s plven In subroutine CINL in Volume 11,

Assumptions Regarding Calculation of Duration-Correction Factors

The duratlon-correction lactor, DCF, for the test-time effective porceived

noise level was found from

DCF = EPNL - PNLTM (48)

while the duratlon, DSEL, of the test-time sound exposure level, SEL, was

actermined from
HSEL = SEL - ALN (49)

whore ALM is che maximum valuve of the time series of A-weighted sound levels,

ALY .

FltTective percelved noise tevel was caleulated Mrom

Lo 0.1 PNLT(1)
EPNL = 10 log :E: 10 + 10 log (At/t,) (50)

i=t,

whore At s the sample length of 0.5 s, t“ is the effective-perceived-noise~
level reforence time of 10 s, and tp and t» are times enrresponding to the
values ol test-day PNLT which are closest to {PNLTM - 10.0) decibels, i.,e.,
the times for the 10-dB-down points.

Sound exposure level was calculated by a similar expression, namely
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ts 0.1 AL(1)
SKL = 10 log Z 10 +10 Top (At/L ) (91

i=t)

where At is also ecqual to 0.5 s, but the SEL reference time, tos is equal to
1.0 s instead of 10.0 s. The summation interval in Eq. (51) 1s for a duration
(ta - t;) corresponding to test-time AL values closest to (ALM - 10.0) decibels.

No tone corrections are applied to the AL values in the calculation of SEL.

The only interpretation of the requirements in §B36.9 of FAR 36 that was
made in preparing computer-program subroutine INTEG to perform the summations
in Eqs. (50) and (51) was In the definition of the initfal and final times t)

and “,.

By the requirement of 6B36.9(bh), the summation interval is supposed to bhe
determined to the nearest 1.0 second. To comply with this requirement means
using some form of a round-cff rule such as to always round up if the duration

(t2 - t1) has a non-integral value from the seriles of 0.5-s data samples. The

round Ing up could be done by either reducing t; or increasing tz . An alternative

rule would be to round up if the number to the left of the decimal point was odd

and rouad down if the number was even, again by changing either t; or ta.

Since by the rules of IFAR 36, the duration correction factor is assum-d
to be the same for test-time conditions as for acoustical reference conditious,
any consistent definition for t; and t; would have been suitable for a study
of atmospheric absorption adjustments. Therefore, the rule that was chosen was
based on iB36.9(¢c) wherein the applicable limits are specified to be those times
when PNLT (i) is closest to PNLTM - 10.0 and also chosen to yield the largest

possible value for the duration time from the 0.5-s data samples.

Tf there are several PNLT values which are equal or close to PNLTM - 10.0,
then the starting time t; is at the mldpoint of that 0.5-s5 interval when PNLT 1ts
for the first time equal, or closest, to PNLTM - 10.0. Similarly, t, is at
the midpoint of the very last 0.5-s interval when PNLT is equal, or closest, to
PNLTM - 10.0. No attempt is made to round the duration (t; - t;) up or down to

the nearest 1.0 second. The determination of t; starts with the first data sample
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vt at a relative test time of 0.0 seconds at the beginning of the sample and
proceeds toward the relative time of the last data sample. Determination of
ty starts at the relative time of the Tast data sample and procecds backwird:s

toward the flrst sample.

Description of Test Cases

§ . Nine samples of f{lyover noise data were used to study the application of

f ' the various adjustment methods. The nine samples included five different alir-

T

craft: two commercial jet tranmsports, a business/executiv.: jet, a turboprop-

S T

powered commercial airliner, and a propeller-powered general-aviation airplane.
Table 1 lists the model numbers of the five aircraft and gives some general

information about their propulsion systems.

Ior the NDC-Y-14, there were five test data samples.  For each of the

other four alreraft, there was only one test data sample,

The data for the 727, Learjet, HS-748, and Beech Debonair were ohtained
from Bolt Beranek and Newman, Inc. (BBN). The particular samples of 1/3-octavce
band sound pressure levels for these four adrcraft were from the same test runs
that provided the narrow-band sound pressure levels that were to have been used
(as described in Section 2) for validating the atmospheric-absorption calculation
method. The 727, Learjet, HS-748, and Beech Debonair airplanes were selected to
provide data having different spectral characteristics and acquired under dif-

ferent weather conditions than the DC-9 data.

The five samples of DC-9 data were chosen from recordings made during a
series of tests conducted under the joint sponsorship of the FAA and NASA in

October 1974 at Fresno Alr Terminal. The main purpose of those tests was to

A il ot ¢ e e

study the effects of different atmospheric conditions on the sound measured at
ground level., The test airplane was flown along a level flight path at various

heights over microphones mounted on or above a taxiway.

During the 1974 test program, rccordings were made of approximately 270
test flights, 1In 1977, DyTee Engt . ering, under NASA contract, cenducted a

:-‘.tudy?0 of ground-reflection effects present in the measured data. A con- ;
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sistent set of data was obtained by re-processi+. .- .n of the recordings to
yleld 37 sets of 1/3-octave-band sound pressure levers at 0.5-s intervals through-
out. the duration of each flvover. FEach of the 37 sets of data contained sound

pressure levels recorded at six microphone locations.

The 37 runs represented data acquired under a variety of atmospheric con-
ditions with the 1NC-9 test airplane flown at various heights above ground level
(i.e., various sound propagation pathlengths at equal sound emission angles).
The 222 individual data samples (6 microphones tim~s 37 runs) were examined to
select the five samples analyzed for this study. Most of the available DC-9
diata had the same problem noted in Section 2 in the description of the attempt
to obtain narrow-band flyover noise levels, namely high-level background noise
which contaminated the high-frequency portion of the spectrum at most (or often

all) of the 0.5-s data times.

High-frequency contamination of the flyover noise levels was of little
concern to the ground-reflection study because the spectral irregularities
caused by ground reflections are primarily low-frequency phenomena. However,
since atmospheric absorption is primarily a high-frequency problem, the loss
of most of the high-frequency data was a significant limitation on the useful-

ness of the available data for the present study.

The 37 available runs included data at three nominal heights (152, 335,
aad 610 m) and three nominal thrust settings, The seven runs at the nominal
610~m heipht were eliminated because none had any spectral samples with sound
pressure levels in the 8 and 10-kHz bands and only a few had data for the 5
and 6.3~kHz bands. The five runs at the highest engine power setting (at
nominal heights of 152 and 335 m) also had no data samples with valid sound
pressure levels to the 10-kHz band. Of the remaining 25 runs, 22 were for one
nominal thrust setting and 3 were for the lowest thrust setting. The 25 runs
were examined to select data sets having at least several 0.5-s intervals with

valid sound pressure jevels to the 10-kHz band.

Table 2 lists some of the relevant parameters for the nine runs that were
examined.  The five NC-9 runs include four at the nominal 152-m height and one

(run 374) at the nominal 335-m (actual 341-m) height. Except for run 322, the
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DC-9 runs were all at the moderate thrust of 26.7 kN per engine. For run 322,
k the airplave was flown at the low thrust setting of 13.3 kN per engine. Data
- . for the lower power scetting were included {no order to studv the effect of the
ditFerent spectral shape assoclated with the lower thrust settiong,  Dota for
the 34l-m heipght of run 374 were dncluded to study Che effect ol adjusting diota

measured over longer pathlenpths even though there were no 10-kHz data available,

Run 374, howcever, was about the bhest of the 17 runs available at the nominal

et Lo

335-m hefght in terms of having several valid samples of data in the 8, 6.3,

and b-kHz bhands.

‘ The four sets ol data obtained from BBN were for a variety of conditions,

The Learjet and the Debonair data were vbtained for level-flight conditions

as were the DC-9 data.  The 727 and 1H8-748 data were obtalned for climbing

AT T TR Y

flight paths; the 727 data were recorded below an actual takeoff flight path

from Los Angeles International Alrport.

Fo* all nine data sets shown in Table 2, the data were measured by a
microphone located 1.2 m above a conerete or asphalt ground surface.  The
- 1.2-m height s specificed In FAR 36 and was used for all data here cven though
some of the DC-9 data were measured with a microphone flush in a plywood sheet.
The flush microphone data were not used because the spectra would not have
been compat {ble with the spectra from the 1.2-m=high microphones used for the
BBN data and because there was no sipnificant difference {n the numbher of

hiph=-frequency bands contaminated by high background noise levels for the llush

and 1.2-m data.

et e e st

~ As a final remark abe ¢ the data runs in Table 2, note that the heights

: of the 727 and Debonair tests were comparable to the heights for the DC-9

. tests,  The HS-748 height, however, was two to four times greater than the
height for the DC-9/727 tests; the Learjet helpht was four to nine times
preater than the height for the DC-9/727 tests. The turbojet engines on the

Learjet were capable of providing a high signal-to-noise ratio over a wide

i
%
3
]
3 v range of froquencies even over such a long pronacation path.
i

Test-Time Meteorological Data

; The vine test cases of Table 2 were chosen to provide a varfety of toem-
perature and humidity conditions and vertical profiles as well as propagation

pathlengths and sound-source spectral shapes,
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The most-complete meteorolopical data were measared during the FAA/NASA
tests. For those tests, an Instrumentod meteorological test ajrplane was used
to sample the atmospheric condfitions., Vertical prafiles ol temperature and
humid ity were measured several times on cach nolse-measurement test dav.,  lor
cach set of meteorologlical measurements, data were provided at 30 heights

rangling from 30.5 to 915 m at intervals of 30,5 m. A set of data at a height

of 1.2 m was also provided.

interpolat fon method was used to obtain meteoron-

For cach helght, a lincar
the flvover

logical data that would be applicable to the time (at overbead) of

nolse recording. A short computoer propgram was written to read all the

measured temperature and relat fve humidity data, to ¢alculate corresponding

17 flyover noise recording., and to list the Inter-

values at the times of the 37

polated data onto o computer (ile, Data corresponding to a helght of 10 m

(for the so-called surface conditions according to FAR 36) were interpolated

between data for heights of 1.2 and 30,5 m,

In contrast to the detalled meteorolopical data available Trom the FAA/
NASA DC=9 tests, the lour sets of data (rom BBN only had surface meterological

data for two rucs.  Yor the other two runy, meteorological data were available

to a limited number of heights,  For the Beech bebonair, meteorological data

were measured at the surface and at the alrplane height, For the Learjet,

meteorolopical data were measured at several heights,

Table 3 summarizes the meteorological conditions for the nine test cases,

Alr temperatures and relative humidities are listed for the 10-m height and

for the hedipht of the airplane when {t was over the mierophone. Note that the

temperature ranged from cool to rather warm with lapse rates ranging from

nepative, to isothermal, to positive (temperature inversion).

Fo help visual ize the vertical varfatfon of temperature and relative

humidity, Fip, 4 shows the vertical profiles for the six runs where data

were measured at several helphts, t.e., the five DC-9 runs and the Learjet

rune  For cach test run In Fip.o 24, the data were plotted at the height of

the midpoint of the horizontal laver of the atmosphere defined by the heights

where the meteorological data were measured.  The DC-9 data were plotted to
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(b) DC-9-14; RUN 322; AIRPLANE HEIGHT, AH, 155 m.
Figure 24, -Measured vertical profiles of air temperaturs and relative humidity for

test cases; also profiles of difference betwesn atmospheric absorption
coefficient by SAE ARPB66A at 3150 Hz at height and at 10 m height.
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Figure 24.-Continued.
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Figure 24.-Continued.
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a midpoint hedfght of about 380 m to illusirate the trends and to extend the
profile above the 341-m airplane height of run 374 {n Fig., 24(d). In all

cases, the height of the airplance is shown by the double-headed horizontal

: arrow in the temperaturc profile with the label AH for airplane height,

As explainced in an earlier part of this Section, the FAR 36 criterion for
applying a layered atmosphere analysis in calculating adjustments from test to
T reference conditions depends on the difference between the atmospheric absorp-

tion coefficient (as calculated by SAE ARPB6OA), at a frequency of 3150 Hz,

T DT AR i

at any beight up to the helght of the airplane at the time of sound cemission

' and the atmospheric absorption cocofficient at 3150 Hz at the surface (ool

. at the 10=m hedpht). 0 this difference exceeds 200279 dB/100 my, then a

P layered atmospherce analysis has to be performed.

a—

The difference in atmospheric absorption coefficients, «3;59(H) = a3159(10),

is also plotted for each test run in Fig, 24. 1t is interesting to note that

ST g

none of the five DC " runs that were selected would have required a layered-

atmosphere analysis, even for run 358 in Fig. 24(c) where there was a rela-
tively strong temperature {nversion In conjunction with a rapid reduction of

relative humidity with increasing helpght.  VFor run 272 in Flp. 24(a), the

T LML e T N, s Bk ] LA e’ TN b 1

L — e
teHia

atmospheric condit ions above a helght of 200 m were quite absorptive and data
(11 there had been any) From tests at such heights would have required a

layerod-atmosphere analysis,

e il e

? For the Learjet run in Fig. 24(r), the relative humidity was low and did
g not decrease by much while the temperature decreased rapldly from the surface ‘
: to the heipht of the aircraft at 1359 m. As a result, the absorption along

‘ I the sound propagat fon path was quite a bit greater than at the surface and the
+0,23 dB/100 m criterion was excecded at a height of about 300 m, A layered-

s . atmosphere analvsis would have been required for the Learjet data.
]

A basfe quant ity affect ing the absorption of acoustic cnergy by the
atmosphere {s the amount of water vapor present., In the current model of k
atmospheric absorption’, the molar concentration of water vapor is used as

the measure of humidity, Molar concentrations were calculated at each height

where metecorological data were avallable. For each test case, the air pressure
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at any height was assumed to have the value measured at the 10-m height,

Subroutine MOLAR in Volume 11 was used to perform the calculations.

The resulting vertical profiles of the molar concentration of water

vapor are shown in I'ig. 25. Four of the five DC-9 runs [Fig. 25(b)] had 4
similar profiles with molar concentrations ranging from 1.0 to 1.15 percent 3

over the range of heights to 380 m.  Run 272 [Fig, 25(a)] was different in

that the atmosphere wis quite dry (a molar concentrat fon between .69 and
0,77 percent) to a hefpht of about 170 m.  Above that hebght, the humidity
Inercased rapidly to a value of about 1.0 percent.  The more-humid layer 1
aloft accounts Tor the fact that the absorption coctficient was lower than

at the surface at hefghts above 170 m in Fig., 24(a).

The humidity profile for the Learjet, Fig. 25(c), was significantly dif-
ferent than those for the DC-9 tests., The humidity at all heights up to
1370 m was less than at the surface. The drier conditions at altitude account
for the absorption coefficient being greater aloft than at the surface and

for the positive values of the profile of differences in absorption coeffi-
cltonts In Fig., 24(1).

The molar concentrat fons in Fip, 24 vanged from 0.5 to 1.15 pereent with

the driest conditions bheing assoclated with the August toest of the Learjet

at I'resno Adr Terminal.  The October tests of the DGC-9 (all at Fresno also) j

were puenerally somewhat more humid.  All measured humidity values in Fig., 25 ;
were significantly lower than the humidity associated with the FAR 36 :
conditions for an acoustical reference day. At 25° C, 70-percent relative ;
humidity, and one standard atmosphere. of air pressure, the molar concentra- é
tion ie 2,18774 percent or two to four times that existing at the time of the %
flyover noise measurements. ‘Thus, Iin general, it was expected that the ;
adjustment factors from test to reference couditions would be positive, i.e., ;

d

that the sound pressure levels would be greater under reference conditions

than under test conditinns, cspeclally at high frequencies,
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Figure 25.-Concluded.
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Sound Propagation Paths

Tn order to calculate the attenuation of sound during propagation through
the atmosphere it is necessary to determine the length of the sound propaga-
tion path., [If the meteorological conditions are not coustant over the path,
then ¢ .2 path must be segmented according to intervals of height over which
average meteorological conditions are known (i,e¢., by strata or horizontal

layers of the atmosphere).

A description is presented here of the procedure that was developed to
calculate the incremental distances along a sound propagation path. The
procedure is specifically applicable to the geometry of the te< cases; it
could, however, be readily adapted to other noise-measurement situations.
The symbols and terminology usced here are consistent with the corresponding

usage for the computer program in Volume TT.
We begin by enumerating ceortain assumptions relevant to the test cases.

(1) The airplane flies at constant speed, V,, and Mach number, M,, along

the flight path for the duration of the recordIng of the noise.

(2) The airplane is always at a large enough distance that the noise
that it produces can be considered to be ecmitted from a single equivalent
acoustic source located at the alrplane reference point, i.e., the point used

for determining the location of the airplane on the flight path.

(2) Tho Flight path is stralghkt for the duration of the noise recording
and Inclined at an angle, y, to the horizontal where y is positive for climb-

ing flight and .egative for descending flight.

(4) 'Y sound from the aircraft sourc» propasates at constant speed, c,
along a scraight line to the microphonn, i.e., variations in propagation
aircction (revractlon) caused by temperature variati.ns (hence sound speed

variat.ions) can be neglected.

(5) The airplane's flight path is directly over the micropnone.

A3
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(6) The height of the airplane, AH, is measured when the airplane is

overhead (i.e., when the airplane reference point is over the microphone),

(7) 7The microphone is mounted on a stand at a heipht ZM above the flat

ground plane. :

(8) A timing mark is recorded when the overhead position of the airplance

3 is measured, i.e., at time TOH. ‘The timing mark and the measurements of 3
g hetght, alfrspeed, and flipht-path angle are the only Information available .
A 1
4 for tracking the alrplanc's position as a function of time along the flight 1
path, 3
path :
v J;
. (9) Nolise data samples are averaged over 0.5-s periods and are available !
\' at 0,S%-s intervals throughout the durat foa of the noise recording. ]
(10) The position of the cquivalent airplane noise source along the
- flight path Is corrciated with the time at the midpoint of a corresponding

et s 2t

0.0=s sample of noise data.

-

It was convenient to analyze the general sftuation according to a relative

o ke

' test-data-sample time, TR, delined as time relative to the time at the over-

head position.

Time ot overhcad, TOH, was provided as part of the input data in seconds

L BN i

- on a 24-hr (86,400 s) basis. The time, TS, at the beginning of the first
0.5 s sample of noise Jdata was olso provided in seconds on a 24-hr basis.

. Thus (TOH - TS) ropresents the time at overhead, in seconds, relative to the

5 ‘ ' time at the stavt of the fivst data sample.

o i 4 S e o B s

The stream of 0,55 no:se data somples was designated as TT(1) = 0.0,

) v TIr(2) = 0.5, TT(3) = 1.0, TT() = 1.5, and so on, where TT represents test
~.. f
time and TT(1) is {dentified with 0.0 seconds at the heginning of the first

Gt G

data sample. For the i-th data sample, the test time at the midpoint of the
sample is thus [TT(1) + 0.25] in scconds relative to the beginning of the

first data sample.
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; Time, In sceonds, for the midpoint of any data sample relative to tlme at
§ overhoemd Is thus
s '
ﬁ: | !
g TRCEY = [TT(1) + 0.2%) - ['ton - 18], (")
&: |
3 For any particular sample of data (e.p., the set of 1/3-octave=band sound ;
B ,
i pressure levels associated with the maximum value of the tone-corrected
k : " perceived noise level), the determination of the corresponding sound propagation -
g ’
. i
E path depended on whether the value of TR was less than, equal to, or greatex :
3 than zero. that 1is, on whether the airplane was prior ¢~ at, or past the over- {
E head point. ;
5 v 3
s 4
;. :
i Figure 26 shows the relevant geometrical relationships for the three |
3 '
E \ possibllitics and defines the important angles ¢ and ¢ and the auxillary angle i
n.
Ev(: ~
{ The airplane flies at constant speed Vq. and Mach number Ma, along the
! . [t
; fl1ight path inclined at angle y. The microphone {s at the recelver position 1
i R near the ground plane, ;
;f" R
j
¥ At voint E on the flight path the airplane emits a noise signal which
§ propagate. at speed ¢ toward the microphone at sound-emission angle ¢ relative
i }
;, to the flight path and the direction of flight. 1In the time, At, that it takes
F - for the nolse .ignal to propagate the distance c(At) trom E to R, the airplane
i moves along the flight path a distance Va(At) to point P, The airplane position
4 . at point P is at angle ¢ relative to the flight path and the microphone, !
|
" The auxiliary angle n can be readily found from the law of sines for plane
A: triangles as

L M .
... |
- [c(a)])/sin(n - #) = [V_(At)]/sin n (53)

from which we obtain

n = arcsin(M_ sin ¢)
a (54)

where M= Vq/c.
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{b) AIRPLANE OVERHEAD, TR - 0. J{
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{c) AFTER AIRPLANE IS OVERHEAD, TR > 0.
Figure 26.-Geomaetrical relationships between aircraft and microphone at different
relative times during a flyover,
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E - The sound-emission angle, ¢, which needs to be determined, can be related

to ¢ and n using the trigonmetric relstion
¢ =Y+

from which

v =4 - n (55)

Therefore, if angle ¢ can be found, then angle ¥ can be determined using

Eqs. (55) and (54) for a specified aircraft Mach number,

. In the special case at overhead when TR = 0, Fig. 29(b), angle ¢ = (1#/2) + v.
Note that for level-flight flyovers with y = 0, the sound-emission angle becomes

g o= (n/2) - nrcsln(Mﬂ) = aruan(M]) when the airplane is over the microphone.

To doetermine  the values of ¢ and ¢ at times other than overhead requires
the use of some peometvical relationships derived from the available information,
Flgure 27 {llustrates the definition of quantities used to determine angle ¢ on
the assumpt{on that anple v, atreraft Mach number Mn. and distance from the

microphone to the tlight path at the {natant when the aircraft is overhead are
all known,

The caleulation process procecds as follows:

(1) Determlne the distance AMH from the airplane to the microphone at the

: “
: time of overhcad, {.0., AMH = AH - 7M,

s’ 1

4 (2) From AMH and {lipht path angle y, find the minimum distance DM to the
f flig!+ path from the microphone at point R (DM = AMH cos y) and the distance DB
? back along the flight path from the overhead point to the point of the closest

;' N approach (DB = AMH sin y). [Digtance DB {8 positive for elimbing (l{ght paths
t\-“ when v {s positive and negative for descending flight paths when y 1s negative.]
F%

L (3) The point P on the flight path is where the airplane is when the sound
b emitted at point E reaches the microphone at point R at some specific relative

: time TR. The distance DO along the (1ight path from the overhead point to point
f

4 P is given by DO = (Va)(TR). Distance DO is negative when TR 1is negative, Fig.
t 27(a), and positive when TR is positive, Fig. 27(b).
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Figure 27. -Definition of quantities used in calculating angles ¢, n, and ¥ sound propagation
distance PD; and aircraft height above the microphone height at the time of
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sound emission AHS.

RS SR SUUAY ORI SR S G

117

1Y
L]

[ TOU SOV SU TOSI Y PIPPUE SR 7 7t WU

a1 il

o e el




r‘ TR L RTIRT TTACEAITTAY T v i g e anema . e
§ E
2 (4) Calculate angle ¢, in radians, from j
3
£ ;
f $ = arctan{-DM/(DB + NO)] (56)
? when DB + DO -0 0, and from ;
{
f p = 1 = arctan|DM/ (B + DOY ) (57) ,j
! j
! '
2 when DB+ DO = 0, When distance (DB + DO) = (0, then point I {8 at the minimum ;
g distance polnt and ¢ = #/2.  (The minus sign before DM In the numerator of the ?
E v argument of the arctangent in Lg. (56) was included to eliminate negative values ;
: ' for angle ¢ when DB + DO {8 nepative.) E
r i
- (5) Calculate auxiliary anple n, In radians, by using Eq. (54) knowing
ﬁ Ma and ¢.
: . é
":.
f, (6) tind angle ¢, in radians, by applying . (55) using the calculated
i values of ¢ and n. :
) 3
: (7)  berermine the total sound propapation pathlength or distance, PD,
: from
3
PO o= DM/ s in (58)
. Ffor any relative time,
, (8) IFinally, determine the difference between the helght, ZM, of the
) microphone and the heipght of the alrplane nolse source at pofut E when it
. emitted the sound that reached the microphone at the specified relative time,
- “ The helght difference, AHS, s found from
AS = D sin(y - v¥) (59)
for any relative time.
The inceremental distances, D(K), along a sound propagation path can now
boe determined given angles ¢ and vy and the hefght difference AHS. Figure 28
{
illustrates the peneral scheme for calculating the lengths of the segments of |
:
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HM (KA} 1_

o HM (KA1)

Y
o AHS

HM (K + 1) - HM (K)
D(K) = .
sin (-7

e HM(3)
o HM(2)

: —+

e HM(1) M

Figure 28. -lllustration of procedure for calculating incremental distances, along sound
propagation path of length PD from R to E, which correspond to heights
HM (K) where meteorological data were measured.
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the propagation path according the the heights, HM(K), where meteorological
data were measured. The index, K, for the array of heights and pathlength

sepments starts at 1 for the height or sepment nearest to the ground.

Except for the Tirst and last pathlenpgth segments, the general expression

for calculating the length of a pathlength sepment is

D(K) = {HM(K+1) - HM(K)]/sin(y - ¥) (60)

for any relative time,

For the flest pathlength segment, the array of hefghts is searched to
fdentify the Civst heipght which 1s preater than the microphone helght 2ZM,
For example, In Fig, 28 that first height is HM(2). The index of the first
meteorologdcal data height which Is greater than the height ZM is designated

in the computer program by index KK and the f{irst pathlength distance ig

{found from
DELY = [HM(KK) - 2M]/sin(y - y). (h1)

The dlstance along the last sepment of the propagation path (or really
the flrst segment For propapation procecding from the locatfon of the equiva-
lent gource of nolse toward the microphone) requires special consideration
because the heipht of the airplane at point E will not, in general, coincide
with the height of a meteoroloplcal data measurement, The array of meteorolo-
glecal data heipghts {8 apaln searched during a calculation to identify those
helphts (or indexes) which are one and two less than the height of the airplane

at point 1 (Indexes KA and KAl {n Fig, ?28).

Index KAl I8 used to terminate the caleculations of D(K) using the standard

formula fn Kq, (60), that iy, distance interval D(KAl) {s the next to last in~

terval between the microphone and the source,
The length of the last pathlength sepwent is found from

D(KAY = {AHS - [HM(KA) - ZM|}/sin(y - y). (62)
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Equat fons (60), (61), and (62) are applied sequentially to generate the
array of pathlength segment distances over the total propagation distance for

some specified relative test time,

Data Analysis and Adjustment Procedures

The previous parts of this Section have attempted to establish an
understanding about the general requirvements of FAR 36 relative (a) to
measurement of alrcraft noise levels during a noise certification demonstra-
tion test and (b) to adjustment of the measured test-time EPNL to an equivalent

EPNL. under reference meteorological conditions,

We have also described the characteristics of the flyover noise data that
were available for analysis., These tharacteristies included: (1) the 500-ms
averaging time for each sct of 1/3-octave band sound pressure levels, (2) the
system used for synchronizing in time the recorded alfrcraft noise signal and
the position (at overhead) of the aircraft on its flight path, (3) the pro-
cedure used to account [or contamination of the signal by high-level background
noise, (4) the geometrical relations available for use in establishing (a) the
angle of sound emisston between the flipht path and the ray to the microphone
and (b) lengths along the sound propagation path corresponding to the heights
where metcorological data were measured, and (¢), for the nine selected test
casces, the nature of the flight pathis that were flown and the accompanying

meteorological conditions aloft.

The computer program that was developed to analyze the flyover noise data
from the nine test cases and to calculate atmospheric absorption adjustment
Factors was plven the name TESTREF for the study of test-to-reference adjust-

ment peocedures.  Volume 1T containsg all the statements for the program.

For each test case, the measured 1l/3-octave-band sound pressure levels
(corrected for background noise) and the associated test-time meteorological
data, time-svnchronization data, flight path data, and identification data

were all stored In an input data file.

An analysis begins by reading from the input data file., After reading

ldentification and fllght-path data, the program reads sound pressure level
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data denoted by the array SPL(I,J). The index, or subscript, T indicates the
time variable (at 0.5-s intervals) and the index J indicates the frequency~
band-number variable. The J index ranges from 1 to 24 for center frequencies

from 50 to 10,000 Hz.

For each 0.5-s set of 1/3-octave-band levels, the program calculates the
corresponding perceived noise level, PNL(I), using subroutine CPNL, tone-
corrected perceived noisc level, PNLT(I), using subroutine P36TC, and A-
frequency-welghted sound level, AL(I), using frequency weiphting factors for
1/3-octave bands from American National Standard $1.4-1971 for Precision Sound

Level Meters.,

The sets ol PNL(T), PWLT(1), and AL(I) data are then searched to find the
maximum value in each set [i.c., PNLM, PNLTM, and ALM, respectively] and the
relative time of {ts occurrence. The sets of 1/3-octave-band sound pressure
levels that are associated with the times of PNLTM and ALM are identified.

‘'he sound pressure levels arc identified by codes for the two particular times
as SPI.(IPTM, J) and SPL(TIAM, J) and, for convenience, are given the special
names SPLPTM(J) and SPLAM(J) for the sets of band levels at the relative
tost-time indexes TPTM and TAM,

AdJustment factors Tor atmospherle absorption losses are caleulated for
the sound emission angles and propagat lon pathlengths applicable to the rela-
tive test-time Indexes TPIM and TAM. The adjustment factors are applied to the
test-t ime measured sound pressure levels SPLPTM(J) and SPLAM(J) to yield
corresponding values for reference-day band levels, The program also reads the
input file to obtain the measured values of air temperature and relative

humlidity at each height and the air pressure at the 10-m height,

The next step is to calculate the offective perceived noise level and the
gound exposure level for the PNLT(T) and AL(1) data, respectively, using Egs.
(50) and (5!). Program subroutinc INTEG is used to integrate the data given
the 10-dB-down values, in decibels, of PNLTM - 10.0 and ALM - 10,0. The dura-
tion factors, DCF and DSEL, for the test-time values of EPNL and SEL are found
by application of KEqs. (48) and (49),
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Reference meteorological conditions are defined for air temperature,

relative humidity, and air pressure.

If test-time meteorolopical data were not measured at a height of 10 m,
then data at 10 m are cstimated by interpolating between data measured at
hedghts which are less than and greater than 10 m. The second height is
assumed to be always greater than 10 m, The first height where data were

measured is assumed to be < 10 m.

The average temperature and average relative humidity over each layer of
the atmosphere are then calculated from the measured data interpolated to the
time of the test and read from the input data file. The air pressure measured
at the height of 10 m is assumed to apply to all heights up to the height of

the airplane.

The final step before caleulating the atmospheric-~abgorption adjustment
factors is to determine, at the relative times corresponding to PNLIM and
ALM, the total length of the sound propagation path and the lengths of the
segments corresponding to the helghts where the meteorological data were
measured. The relative test times at time indexes IPTM and IAM are found using
Eq. (52). Glven the flight path angle, the airplane height at overhead, the
airspeed, the airplane Mach number, and the mirrophone height from the input
data file, the program determines the propagation path distances using Egs.
(58), (60), (61), and (b2). Adrplane height at the time of sound emission
Is found using Eq. (59).

Four alternative procedures for calculating 1/3-octave-band atmospheric-

absorption adjustment factors were included in the study. They were

(1) abhsorption coefficients and band attenuation by SAE ARPE66A

and meteorologlcal data measured only at 10 m;

(2) Absorntion coefficients and band attenuation by SAE ARP866A
and a layered-atmosphere analysis using meteorological data

measured at varlous heights;
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: (3) absorption coefficients by ANSI 51.26-1978, a band-integration
method to calculate attenuation, and a layered-atmosphere analysis

using meteorological data aloft; and

(4) absorptlon coefficients by ANS1 §1.26-1978, attcnuation calculated

at the band center frequenc’-~s only, and a layered-atmosphere

analysis using meterological data aloft.

For each procedure, the set of calculated reference-day band levels is

used to determine values for PNL' _, PNLT' _, and AL' _.
ref ref ref

effective perceived noise level and sound exposure level are then found by

The reference-day
o applying Eq. (46), namely from

. D - ¢} ' "
\ EPNL_ PNLT o + DCF o\ (63)

“ and

SEL = AL' _ 4+ DSEL, (64)

ref ref st

using the previously calculated values for DCFt and DSELte .

egt st

Procedures (1) and (2) are the 10-m and layered-atmosphere procedures of
FAR 36, Procedure (4) Is simblar to procedure (2) except that absorption
iy calculated by the method of ANSI S1.26.-1978 instead of SAE ARP866A and
center frequenciss are used for all frequency bands instead of just to 4000 Hz
with lower bandedge frequencies for the 5000 to 10,000-Hz bands. Procedure (3)
uses the method of ANSI $1,26-1978 to calculate absorption but evaluates the

N adjustment factor by integrating over the bandwidth of a filter.
#\_‘ The methods used tor procedures (1), (2), and (4) are relatively straight-~
S forward, ‘The method used for procedure (3) is more complex because of the re--

quirement to cvaluate an integral,

For procedure (1), the reference-day band level for any band is found from
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S = SPL + (

PLret, (1) test ¥ Ctest, 10m ~ %res) (PD) (65)
using the calculated value of total propagation distance PD in meters for

absorption coeffictents a in decibels/meter,

he absorption coefficients atest. 10m and Mop aTe determined using a

computer-program subroutine called ARP866A. To find atest, 10m* the sub-
routine 1s supplied with the air temperature and relative humidity at the 10-m
height for test-time conditlons. The 25° C and 70-percent relative humidity
conditions are supplied to calculate Aoart

For procedure (2), the reference-day band levels are found using

SPL SPL + (

ref,(2)  ° “test ) (PD) (66)

O‘test - OLref

where ateqt is the average absorption coefficient under test-time conditions

over the sound propagation path,
The average absorptlon coefficlent is determined from

. -, .
Gy ast atten/PD (67)
where atten is the total attenuation in decibels over the path, The total

attenuation is found from

KL

atten =Z [0, g (KYTID(K)] (68)
K=1

where atest(K) represents the average atmospheric absorption coefficient by
SAE ARPB66A for the K-th segment of the sound propagation path. The index KL
represents tae last segment of the path from the microphone to the airplane.
For each of the K-th segments, the average temperature and relat.ive humidity

for the layer is used with subroutine ARP866A to determine the value of
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f The structure of Fq. (66) was chosen to be parallel to the wording of
; FAR 36. Equations (66), (67), and (68) could have been corbined as ‘
3 3
; KL
v =
= sp Z -
{ SPLref,(Z) Ltest + [atest(K) 0‘ref][D(K)] (69)
K=1
? o since LI is a constant and ED(K) = PD.  The method implied by Eq. (69) is
g superlior to that of Eqs. (66), (67), and (68) from a computational point of
? view because the adjustment terms in the summation are all relatively small i
§' : numbers and hence the overall accuracy should be better.
ﬁ T For procedure {4), the formalism of Eq. (69) is used to calculate the i
g ‘
[ \ : reference-day band levels, namely
;
s
bi KL
: ) ‘ = sp ) K - 70
4 bm.mf,(a) SPLy st F 2 840 (O = a  (1ID(K)] (70)
v =
5 where now the atmospheric absorption coefficients are determined by program )
2 1
k subroutine ANSAB for American National Standard ABsorption for the test and ?
d 1
J referenc~ meteorological conditions. !
i
i
The band-integration method for procedure (3) is described in the next
Section. ;
Description of Band-Integration Procedure 4
: , . . {
For procedure (3), the expression for calculating the reference-day sound
pressurce levels is given by ;
SP = 5GP + BA ..
Leef, (D) Lepst (3) (71)
;
A
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vhere the hand-adjustment factor, BA(3), in decibels, is determined by a com-

puter-program subroutine called NUMINT for NUMerical INTegration.

PP

AT

The basis for the method of calculating the band-adjustment factor was

derived using an analysis similar to that in Section 2. The 1/3-octave-band

filters were assumed to have ideal filter-transmission-response characteristics

because indicated or measured band levels that were not the same as those which
would be indicated by filters having ideal response characteristics were con-
sidered to have, effectively, a measurerent system error. The "correct' huand

levels were consldered to be those which would have been indicated by fllters

b e

having ideal response characteristics.

e vl

In making the assumption about ildeal filters, [t was recognized, as a

£ ' result of the analysls presented in Section 3, that some of the measured fly-
\ over nolse data may have contained high-frequency band levels which were

influenced by energy transmitted through the filter's lower stopband. Never-

it o s

theless, because there was no way to confirm the suspiclon of real-filter

effects for the data that were available and because development of a pro-

[ PORRIPE

cedure to use the response characteristics of real filrers with actual aircraft

noise spectra was not within the scope of the present program, the band-integra-

tion methed of procedure (3) was based on the assumption of ideal filter-response

b characterist fus,

The assumption ol ideal characteristics for the 1/3-octave-band filters was

~ considered to have negligible effect on the validity of the relative evaluation

L T

of the four alternative atmospheric-absorption adjustment procedures, especially
' for evaluations In terms of time-integrated measures such as EPNL or SEL. Eval-

uation in terms of relative differences in band sound pressure levels, especially !

the high-frequency bands, was considered likely to be influenced more than eval-
sations fn terms of time-integrated measures by the assumption of ideal filter
ﬁ\\ " transmission response. However, for the data available to the study, the number
: ' of 1/3-octave-band sound pressure level evaluations that could be made was

limited because of contamination by high-level background noise in the high-

frequency bands.

The band-adjustment factor for procedure (3) was derived as follows using
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notation introduced in Sections 2 and 3.

The sound pressure level in any band that would have been measured at the
recelver location under reference meteorological condlitions (i.e., the band
level LRref) can be obtained from the level measured at the receiver location

under the actual, or test, mcteorological conditions, Lthst' by applying an

adjustment factor as

LRruf = LRtest + (LRref - LRtest) (72)

where the band-level difference (LR . - LR ) 1s the adjustment factor BA
r est (1)

of t
fn kg, (71).

The band-adjustment factor in Fq. (72) can he written in terms of the ratio

of the mean squared sound pressures as

- = , 2 2 3
(LvaF LRtest) 10 log [pR,res/a’R,test] (73)

which can also be expressed in terms of the ratio of the Fourier transforms of

the power spectrum, CR’ of the sound pressure at the receiver location as

K v (74)
- = v : : 7
Lthst) 10 log Fo- (R,rcf df .I;I (R,tost df

(LR
r
LI

ef

{f the filters have ideal response characteristics so that the range of Integra-

tion only neceds to cover the filter's passband.

To evaluate the integrals in Lg. (74) requires an expression for GR ref
y
In terms of measured or known quantities. By analogy to the development of
Eqs. (17) and (26), the required vxpression is obtalned by writing the spectrum

at the recelver in terms of the spectrum at the source and an atmospheric-absorp-

tion function,

Thus, symbolically, the sound pressuve spectrum at the receiver under the

two meteorological conditions can be written as
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: = (G o i
Cp,rest = Ugd (AP L) L

and

GR,ref B (GS)(AFref) (76)

where AF 1s the absorption functlon over the sound propagation path from the

: source to the receiver under the noted atmospheric conditions. ‘

AT T TR

If the sound emission angle Is constant, then the source pressure spectrum,

GS, in Bgq. (75) {5 equal to the source pressure spectrum in Eq. (76), (The

l 3
¢ 1
? v sound propagation pathlengths and the source strengths are assumed to be lden- {
. q
% . tical under the two meteorolopical conditions,) i
\ i
£ !
¢ from kg, (7%), the source pressare spectrum s g
i . ¢ ¢ IAY i
) 'S Rytest’ U test i
] (77) 4
. . A+ !
- (Gk,test)(Altust) ﬂ
n i
i i
; + . ’
: where the notation AF' {ndlcates the abserption factor along the path from the 3
: recelver to the source, see Eq. (26). g
» (
: . With Eq. (77), the sound pressure spectrum, GR of® in Eq. (76) can he :
7 L]

f written as
3 '_ q - ( Y AT Y AFT ). (78)

1 ) R,ref R,test test rof

: Substitution of Eq. (78) into Eq. (74) ylelds
r.

, (LR o= WRy ) = BA =

i ‘ ot + il

e 1 10 log ; ; i = ;

' } b ‘ (g, tost) AFpoge) AFpep) dl c Uk, testdl [ [ 79

{ 1 L L.

:
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Referring back to Section 2, the form of Eq. (79) is seen to be similar

to that of Eq. (28) with the inclusion of the A¥~ term as a factor in the

integral in the numerator,

Because the sound path is to be dlvided Into sepments according to the

layers of the atmosphere, the absorptlion function at any frequency has the

form of Eq. (20) namely

+ f ak,test Ek,test/lo
APegr = 10 (")
and
" 10% K, ref r’k,rnl"/ln (81)
A ref

whore 1y fa the atmospheric sound absorption coefficfent applicable to the k-th
segment of the propagation path under tost or reference meteorological conditions

and Ck fg the lenpth of the k-th segment, Motcorological parametoers appllicable
to a path segment are assumed to be the average temperature, humidity, and pres-

sure at the mlddle of each layer of the atmogphere,

1T the dobnd path s divided (nto the same segments under the two atmospheric

conditions (as It usually would bhe), then ﬁk,test - ck,ref = Ck and the product of

the abgorption functions in Eqgs. (80) and (81) can be written as

_ (ak,test - ak,ref) F’k/“’
)(Abrvf) = 10 (82)

=4

+
(APtust

and Eq. (79) for the band-adjustment factor becomes

z (ak,test - ak,ref) Ek/l°)

“u ( K
BA 4y = 10 log /; @ pese) \ 10

[
U
8
ﬁ R, test df

L

df

(83)
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liquat fon (83) deflnes the band-integration method carried out by subroutine
NUMINT for caleulation of adjustment factors H procedure (3). Fvaluation of the
Intepraly Iy relatively stralghtforward f an «xpression can be suppliled for the
power spectrum of the sound pressure at the micrephone, GR,test' glven the mea-
sured 1/3-octave-band sound pressure levels, Stbroutine ANSAB is used tc cal-
culate the values of 3 test and uk.ref by the mothod or ANST S1.26-197C.

The technique selected to approximate the power spectrum of the sound
pressure was the same two-straight-line or two-slcpe technique used to evaluate
the integrals in Eq. (28), see Figs. 8 and 9. 4ny nnthod of approximating the
actual shape of the power spectrum of the scund pre-sure at the microphone,
GR.tust(f)' over the frequency range of the passban: of a filter that was more
sophlsticated than the two-straight-line or two-slope method was not felt to be
appropriate, (Sutherland and Bass’ discuss the use of a #pline function as a
pencral Interpolation method hetween two hand-level data polnte but recommend
it log=1lnenr equat lon to Interpolate a spectral shape based on hand levels for
the bands below, at, and above the band of I[nterest,) The two-straight-linc
method was considered to be the best cholee because the data were available
only In 1/3-octave-wide frequency bands, because the possible contribution of
energy transmitted through the lower or u,,er stopbands was neglented as a
result of making the assumption that the filters had ideal response character-
igtics, and because of the necessity to work with practlcal spectra from which

band levels were missing because of background noise contamination,

P*ioutc.‘gani'q'1 has developed an alternative method for numerically evaluating
the integrals [such as thosce in Eq. (83)] which express atmospheric absorption
loss over the (requency range of an ideal bandpass filter. As for the present
analysls, Montegani uses band-level differences, or a two-slope technique, to
approximate the power spectrum of the sound predsure at the receiver, GR’ but
he defines frequency steps across the range of integration on a logarithmic
rather than a linear scale as done here for use with the numerical integration
routine available in subroutine QSF. For the i-th frequency band, Montegani
recommends dividing the Interval from fL to fU into J steps according to
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where b denotes the tvpe of fractional-octave-band filter (b = 3 for 1/3-octave

band filters) and m s an integer whose value is specifled by the user.  For all

O T T

bands, Montepani recommends wmo= 3, to give seven Trequencies cqually spaced

p ftvom § =~ =-m to ) - m} between 'I and [” on i logartthmic seale,

1 For lonpg=distance measurements ol sound, the high=frequeney portion of the

v

]

spectrum can decrcase very rapldly with frequency, eop., sce Flpe 40 Determinatlion

r ol atmospheric absorption losses for such cases may require ealeulation at more

than three (requencles In cach half of a frequency band to maintaln accuracy. S
‘ However, for those cases, the indleated band sound pressure level is most likely )

to be contamlnated by enerpy transmitted throupgh the lower stopband and the

approximation ol the power spectrum by the two-slope method will also be less

accurate, Montegant's computer program in Ref, 21 could be modified to use m = 3

for some rauge of low= nd mld-Trequency bands and increasingly larger m values for

the higher-tfrequency bands, A more-fundamental need, however, ls for a method

|
\ which, In a computationally efffetent manner, Ia able to estimate the contribution '

to the Indicated band sound pressure tevel caused by real-filter ef feets and then

to caleulate the atmouplieric absorption loss over the frequency range of slgnificant

response for practical fractional~octave=band {llters,

] Sutherland, 1o Ref, 22, has rofined the iteration method described in Ref. 7
and has proposed an analytical procedure to estimate what the band sound pressure
i levels would have been If the filters had fdeal rather than practical transmission=-

; response charactueristices,

The method used here lor caleulating band absorption loss made use of the
% - game approach as that used to derive FBq. (29), The frequency range over the
3 pasgband of a filter was split into two parts {rom f] to the band center fre-

quency, I, and from fc to f The two torms In the numerator of Eq. (83)

; v’
[which are fdentieal to those in Bq. (29) except that they include the absorption

function as shown {n Eg. (83) instead of just AF+ as in Eq. (29)] are evaluated

numerfceally using band=level differences (or slopes) defined by Egs. (30) and

e B oo

v (31).  The two denominator terms are evaluated using Bqs. (32) or (33) as

appropriate for the value of the slope of the applicable stralght=-1ine approxima=-

e 0 O .
tion to R, tost

Subroutine NUMINT carrfes out the calculation of the adjustment factor
according to the above-described process for evaluating the integrals in Eq. (83).

The subroutine requires specification of (1) the test-time sound pressure

132

- e

. . a
V"V P . . casaks e st BT ekt e ensahac B e e il i s b i e B i s e bt e M s e i S s i



E levels that are to be adjusted to reference conditions, (2) the refer-
.

e e

4 ence air temperature, (1) the retference relative humidity, (4) the reference
o afr pressurc, (5) the array of average test=time air temperatures over cach
layer of the atmosphere starting at the helpht of the microphone, (6) the

correspond ing array of average tost-time relative humidities over cach atmos-

% pheric layer, (7) the test-time air pressure, (8) the array of pathlength ,;
; gegments between the microphone and the alrcraft at the time associated with i

% the sound pressure levels, and (9) the value of the final index along the i‘
;i path from the microphone to the aircraft for the arrays of alr temperature, E'j
% : relative humidity, and pathlength segments, Jﬁ
% The total number of frequency intervals (or number of frequeacy steps) ;

g , over the passband of a flltoer that were used to ovaluate the numerator terms i ;
? v for 1iq. (83) were the same as usced with subrout ine QSF in Section 2 for the .

Ei f cloven bands with contor Frequencles from 1000 ta 10,000 Bz, Thus, for example i
? \ the hand at 10,000 Hz was divided Into 30 cqually=-spaced steps, 15 from fL to i

i fe and 15 from ' to £ The 19 bands from %0 to 800 Hz were cach divided ;

% into 8 stoeps, 4 from fL to fc and 4 from fc to fU' Four steps 18 the minimum ; ;
? N number recommended for use with the (SF integration routine, 1
? Glven the test-time sound pressure levels, metevorological and pathlength :5
E‘ data, and the number of frequency Intervals to use for the numerical integra- 1!
% ttous, the process of caleulating the band-ad justment factor s straightforward é
; with one exception, The exceoption i the calculation of the slopes of the !L
g stralpght~1ine approximations to GR.tth over the [requency range of each '2
. [ilter. :
)] ~

Caleulation of band-level differcnces or slopes was not as straightforward

as In Scctlon 2 because of the need to be able to handle spectra from which

band levels were missing because of background nolse contamination. The

various possibilities for spectra having missing band levels are shown in

Fip., 29. Subroutine DIFFS, which fs called by subroutine NUMINT, was pre-

pared to handle all the possibilities and to calculate appropriate band slopes

for any test-time spectrum.

Figure 29(a) illustrates the case when a complete spectrum with no missing

band levels s available. Slopes (or band-level differences) are computed for

¢
.
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SLOPE (1,2) Ly Ly

SLOPE (1,1} $LOPE (1.2) ;
(XX |
; SPL, dB SLOPE (J.1) = SLOPE (J 1.7) |
...l—r ‘ ‘ l l ‘ mL SLOPE (42) - Lyyy - Ly
N [ X X J

" b e | SLOPE (23,2) = Ly, - Log |

}‘: 12 3 eee 10111213 *** 21222324 SLOPE (24,1) = SLOPE (23,2) t\

; ~ BAND NUMBER SLOPE (24,2) = SLOPE (24,1)

/ {s) CASE 1: DATA AVAILABLE FOR ALL BANDS.

b
SLOPE (1,1) = SLOPE {1,2) = 8§ (1)

¥ .

;}.ﬁ SLOPE (2,1) = SLOPE (2,2) = 1.0
, SPL. 48 SLOPE (3,2) = Ly ~ Ly
S SLOPE (3,1) = SLOPE (3,2
N '-1 . AND S0 ON TO BAND 24

i

123456¢6 °*°

\ ' BAND NUMBER
(b) CASE 2: NO DATA FOR BAND NUMBER 2;
f ISOLATED BAND AT BAND NUMBER 1.
‘ “ eeses FROMBAND
" SLOPE (21,2) = L22 - L21
; SLOPE (22,1) = SLOPE (21,2)
SPL. dB SLOPE (22,2) = SLOPE (22,1)
L SLOPE (23,1) = SLOPE (23,2} ~ 1.0
see M SLOPE (24.1) = SLOPE (24,2) = SS (24) ,_
' ee0 21222324
BAND NUMBER !
4

(c) CASE 3: NO DATA FOR BAND NUMBER 23;
ISOLATED BAND AT BAND NUMBER 24,

SRR

eee FROMBAND 1
SLOPE (J-2,1) = SLOPE (J-3,2)
SLOPE (J-2,2) = SLOPE (J-2,1)

= SLOPE {J--1,2) = 1.0

SLOPE (J-1,2)
PL,
SPL. 4B SLOPE (J,1) = SLOPE (J,2) =SS (J)
_ﬂ SLOPE (J+1,1) = SLOPE (J+1,2) * 1.0
[ [ SLOPE (J+2,2) = L 43~ Lo
v- - !-

1.2 0 °" 00023 24 SLOPE (J+2,1) = SLOPE (J+2,2)
AND SO ON TO BAND 24

e b beae e e T e L+ e s il 2

BAND NUMBER

(d) CASE 4: DATA FOR BAND AT J, BUT NO DATA
FOR BANDS AT J-1 OR J+1; ISOLATED BAND
AT BAND NUMBER J.

Figure 29.-1llustration of rules for calculating band-level differences.
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the lower half and the upper half of cach band, see Fig. 9. For a band at

froquency=Index J, the slopes over the lower and upper halves of the passbhand
are denoted by the two=d tmensional arrays SLOPEGH DY and SLOPEGT2), respoct-

ively.,

Figure 29(a) also indicates the rules used for computing the slopes for

any of the 24 bands. Note that a specfal rule was required for the lower

A e U R = Rk
b

. half of band 1 and the upper half of band 24. The slope over the lower half ]
K ? of band 1 [SLOPE(1l,1)] was assumed to equal that over the upper half of band ;
E ) 1l (1.e., SLOPE(1,1) = SLOPE(1,2) = L2 - L1]. The slope over the upper half ]
E of band 24 was assumed to equal the slope over the lower half of band 24, {i.e.,
; l SLOPE(24,2) = SLOPE(24,1) = Loy, - Lag. Montegnni21 made the same assumptions 1
% Y for his computer program. ?
-
E \ : Figures 29(h) to 29(d) (1Tlustrate the three speelal cases that needed to
i be considered as a result of band levels misslng from a spectrum because of
{ ’ hackpround nolse contaminat ion, The three special cases Involve the questlon
E ) of how to specify a set of slopes for a band that iy {solated In the sense
g of not having valid sound pressure levels (n the bands above and bulow. The
{ three cases also involve the question of what to specify for slopes for the
band for which the sound pressure level Is missing because of contamination.
The peneral rules adopted for the isolated-band and missing-band problems ;

were (1) that the slopes to use for isolated bands were the substitute slopes
gshown {n Fig. 30, and (2) that a slope of +1.0 dB/band should be used for

bands having no valld sound pressure levels.

The band-level slope of +1.0 dB/band was chosen as a convenient, though
arhitrary, value to use with the numerical integrations performed by sub-
routine NUMINT. A slope of +1.0 dB/band represents a white-noise spectrum
with cqual energy per unit frequency. By Eq. (30), the power spectrum of a

white-nolse signal 1s a constant (1.e., EL = RU = 0).

JUrSF BN JISESY RPN

When the band-level slopes are +1.0 dB/band, the band-adjustment factor ]
from Eq. (83) represents the difference in the average attenuation resulting

from atmospheric absorption over the frequency range of the passband of the

135




T T RIS T TR ELOIRUSTT 0 T L e T D i Lt e
4 R bR

v f
;

L I A N AL L N A A A |

1FO0O0 - :
;’;, 0 W oW oWV AW VaWaWaVaWaVlaWal

) . ) |
‘} ‘( | uj 1 r O J i
t L & 2k BAND SLOPE, ®) -1 |
L s b NUMBER dB/BAND o) B i
i <40 B f!
t Y2 4 1703 H o) 1’
i’ | 2% sb 47016 0 o) . |
v o a %’ 6 V7 ! -

i . E o 7 b 18 2 O - ,
o @ s b 19 3

¢ = 20 a ]

;a g J A 21 ]

3 ; " . 10 - X el

I 3 5 22 ) o -

f 2= 1l 23 10

} - n & 12 . 24 16 -

g 13 |~ - |
14 | BAND 115 AT 50 M/ - ;
) 15 b BAND 24 1S AT 10,000 Hz ?.J |
b g e L ) L :
‘ 50 80 126 200 315 500 800 1250 2000 3150 KOO0 8000 g
3 83 100 160 250 400 630 1000 1600 2500 4000 6300 10,000 ;
p i
1/3 OCTAVE BAND CENTER FREQUENCY, H:
{ :
y Figure 30.-Substitute slopes for 1/3-octave-band levels of broadband aircraft !
A noise in the free field. (Substitute slope for band 1 estimated from f
; j

Ed

slope derived for band 2.)

- i

e e

*
s
\

.-
,
o K
it s imdlen Gl 3 i £ el 1t s N . [y . p
A ra kb ke ek e e Fainsd N .
4, ok PTNTR VLT Bbialh o et




S S T

R e

LA

. dmadoa

PR S, NS T 1 O SRR (AL P AR 22 52 o

ideal filter and over the length of the sound propagation path. For a white-

noise spectrum, kq. (£3) reduces to
f (a . -a YE, /10

= 10 log /;” 10ﬂ kytest  TkyrefT7kTTT) (€, - f)p (89
l‘ !

where the denominator (fn - f]) represents the bandwidth of the fdeal filtor.

BA ()

Although subroutine DIFFS does supply subroutine NUMINT with slope values
for the lower and upper halves of all 24 bands Including those bands that have
no valtd data because of backpround noise contaminat fon and althouph subroutine
NUMINT does calculate a band-adjustment factor or every band from band 1 to
band 24 regardless of the value of the test-time sound pressure level, the
main computer program is instructed to set the reference-day band sound pres-—
sure level to 0.0 dB if the test-time band sound pressure level was not valid.

That 1s

SPLrPr(J) = 0,0, if SPLte (Jy = 0.0 (86)

st

for any band and lor any band-adjustment method.

The rule expressed by Fq. (86) was adopted to avold ercating values for
reference=day band sound pressure levels when the tost=Uime gound pressure
level was missing,  Because ol B, (80), any convenient slope could have been
selectoed to use for SLOPE(QT,L) and SLOPE(!,2) when the band sound pressure
level was mlissing, The value of +1.0 dB/band was sclected hecause {t
ylelds a measure of the avevage adjustment Factor. The average adjustment
factor was congidered to have intrinsic interest. All adjustment factors
are available internally within the program and could be listed in the output,

1f desired, with minor changes to the program statements.

The problem ol speeifying reasonable values to use for band-level slopes
in the case of an fsolated band sound pressure level [cases 2, 3, and 4 in
Figa, 29(b) to 29(d)] was resolved hy developing the set of so-called sub-

stitute slopes gshown in Fig., 30.
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The slopes in Flg, 30 represent averige values obtatned Crom exiaminat fon
ol band-level slopes from 1/3~octave=band spectra at various times during the
recordings of (-9 flyover noisc levels from the five samples of test data.

In the low-frequency bands (center frequencies from 63 to 630 Hz), large vari-

ations in slope (#8 to t10 dB/band) were observed., The large variations were
attributed to ground-reflection effects in the measured spectra. An average

slope of zero dB/band was estimated to be appropria“e for the broadband
component of the spectrum in an acoustlc free field., For the high-frequency
bands (1250 to 5000 Hz), veriations in observed slope values were somewhat

smaller than those observad for the low-frequency bands and were attributed

to discreto~frequency components {n the JT8D engine nolse slipnal,

The high=Trequeney rollolt of the spectrum impliced by the Increasingly
nepative slopes for the bands above 1600 Hz {u Fip. 30 was regarded as belag
representat ive of the broadband component of the jet-noise spectrum for the

moderately absorptive atmospheric conditions and moderate pathlengths appli-

cable to the available aircraft noise data.

Alternat fves to the use of the substitute slopes in Fig, 30 for specify-

ing band-level slopes to use with subroutine NUMINT to calculate an absorption

adjustment factor for an "isolated" band were also considered. The alternatives

were either to specify some arbitrary slope that was the same for all bands
that mipght have lsolated values of sound pressure level or to calculate a

slope based on the nearest valfd sound pressure levels in bands above ad below

the band containing the "isolated” band sound pressure level,  Specification

t
of an arbitrary slope (such as +1.0 dB/band) would have becen somewhat caster
to incorporate in the computer program than the use of substitute slopes;
the substitute slopes, however, were regarded as being more realistic in the

high-frequency bands. Calculations of slopes by extrapolating over one, two,

or more bands having missing sound pressure levels would have been more com-

plicated and would not have been any more accurate or appropriate than the

technique of using a sct of substitute slopes.

The slope over the upper half of the band prior to a band where the data

were missing [e.g., the band at J-2 in Fig. 29(d)] was calculated as though
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the band was the last in a complete spuctrum [{.o., band 24 in Fip. 29@) ], 5

Similarly, the slope over the lower half of the band above a band where the

data were missing [e.g., the band at J+2 in Fig. 29(d)]) was calculated as
though the band was the first one in a complete spectrum [i.e., band 1 in
Fig. 29(a)].

As a final observation on the band-integration procedure for determining

the attenuation caused by atmospheric absorption, it is important to note

)

that the power spectrum of the sound pressure at the microphone (i.e., GR test
»

has always impliclitly been assumed to be a relatively smooth and continuous

function of frequency. This assumption was the basic Justification for the

Rytoest
the lower and upper halves of the theoretical passband ol the (/3-octave-band

reasonableness ol approx tmat fnp ( in Eq. (89) by line sopments over

Filters, 107 the spectrum of the sound contalins discreto=-lrequency components

such that the sound pressure level In a band is controlled by the level of

gy

one, or a few, spectral components within the passband of the filter, then

the two-slope or band-level-difference method for approximating GR tegt 28 8
»

function of frequency will not provide a recasonable estimate of the actual

variat ion of CR.test with frequency.

If discrete-{requency components are present in the passband of a filter
and If a procedure were available to determine thefr level and frequency, then
the Integration of Eq. (83), or the summation carrvied out by the numerical
intepration procedure In subrout Ine NUMINT, would only necd to include the
discercto-lroquencey components, 1 there bs only one diserete=lrequeney com-
ponent within the passband and its level determines the indicatoed band level,

then the integration would include only one spectral component and, for that

L rar e o e S o St L Bl A e TR o LA TR AN e s

band, the calculation of the adjustment factor would be reduced to the form of
FEq. (70) for procedure (4) but evaluated at the frequency of the component

instead of the band center frequency.

In order to he able to apply the integration method of Eq. (83) separately
to the broadband, continuous component of a spectrum and to the discrete-fre~
quency components, some procedure must be available to provide an estimate of
the level and frequency distribution of the components, The procedurc suculd

have an analytical basce so that [t can be described mathematically and incor~

1739
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porated irto routine data processing by a digital computer. The procedure

should be capable of accounting for band-sharing effects caused by strong
discrete~-frequency components or by moderate-amplitude componencs whose fre-
quency Is near the edge o7 the passhand of a filter.  The procedure should
aluso he able to account for the appareat change in frequency due to Dopploer
cifeets as the magnitude and sipn of the component of the speed of the sound
sources on the adrcraft in the direction of the sound ray propagating toward
the microphone (and consequently the apparent wavelength and hence frequency)

change with time during a flyover.

A procedure to determine the geparate components of a complex time-varying
sound such as aireraflt noise does not exist. The nearest approximation to
such a procedure is the tonce-identification routine in Appendix B of Part 36
hut that methnd only provides a crude estimate of the broadband, continuous
component and ne information on the true frequency and level of the discrete-
frequency components. No anatytical procoedure is avatlable to account for band-
sharing or Dopplor=frequency=-shift ef fects, Thus, either becanse information is
available or cannot be provided In a practical manner, application of the band-
fnteprot ion method ol g, (83) will usually be accomplished oo straipght-
Forward manner by {gnoring any suspocted or actual discrete-frequency components

and simply estimating the pressure spectrum function GR by the band-level

,ytest
difference method across che passband of every filter.

The straightforward approach was adopted for this study when using the
hand -integrat ion method of procedurce (3). The band-level adjustment factor
determined by such an approach will be incorrect although the error, as
Montegani®! has pointed out, will potentiallv be no larger than using the band-

center-frequency method of procedure (4) and ignorivg the integral approach.

Results of Comparative Evaluations of Alternative
Atmospheric-Absorption Adjustment Procedures
Previous parts of this Section have described the nine cases of flyover
noise data that werce available for analysis. The description included consi-
deration of the procedures used for acquisition and processing of the flyover
noise data as well as consideration of the available test~time meteorological

data. The method of calculating the lengths of the sound propagation paths
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and the angles of sound emission at times during a flyover was shown for the
geometry of the test cases. Also described was the computer program, TESTREF,
that was prepared to analyze flyover-ncise test data and to determine the
sound pressure levels that would have been measured under specified
reference~day meteorological conditions instead of the actual test~time
meteorological condltions. Four aliernative procedures were consldered for
calculat ing the band-level adjustment lactors for difierences fn atmospherie
ahsorption under test and reference conditions. FEvaluatlon of those four

procedures ls presented In this part.

Evaluation of the atmospheric-absorption adjustment procedures is given
here primarily in terms of the effect on the l/3-octave-band sound-pressure-
level spectra. lEvaluation also includes a discussion of the effect of using
the various procedures on the following noilse descriptors: PNLM, PNLTM, EPNL,
ALM, and SEL

Measured Pepecived Notoe Levels aul A-Welghtod Sownd Levels.~ We begin by
consldering the variation of PNLT and AL wilih time Juring a typical flyover
noise measurement.  Figure 31 presents the results at 005-9 time Intervals
relativie to the time when the alrplane was over the microphone, f.eo, time
TREE) by Eg. (52). The PNLT and AL vaiues were normalized by thelr respectlve
max lmum levels, PNLIM and ALM. The data are from run 272 of the set of DC-9-14
tests, see lable 2, The subcaptions for the two sets of data in Fig. 31 list
the values of the maximum quantities (PNLM, PNLTM, and ALM) as well as the time-
integrated quantities (EPNL and SEL).

The plots- in Fig., 31 illustrate some features that are significant to a
study of atmospheric-absorption adjustments. The primary scale for the abscissa
is the linear scale for the time TR(I) at the midpoint of a data sample relative
to the time at overhead. A secondary abscissa scale is shown below the time
scale for the sound emission angle Y. Note the rapid variatiun in the value of
¢ around the overhead position., In the two-second interval from TR= -1 s to IR
= +1s, § varied from 53.2° to 102.3° or about 25° per sccond. The rapid varl-
ation in angle emphasizes the need for having a high-quality airplanc-tracking
system during a test and for having accurate synchronization in time between

the airplane tracking system and the noise recordings.
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PNLT . — PNLTM, . dB

ALtest - ALMtest‘ a8

lo— 10-dB-DOWN DURATION -—-1

6.0s

-20 -
TCF = PNLTM — PNLM : 1.8 dB D
DCF = EPNL - PNLTM - -5.4 dB
30 1 ] | 1 | ) 1 1 1 1 | I 1
{a)} TONE-CORRECTED PERCEIVED NOISE LEVEL; PNLM = 108.3 dB,
PNLTM = 110.1 dB, EPNL = 104.7 dB.
0 T | —
10 -
|——10-dB .-DOWN DU HATION———{
6.0s
~20 1= DSEL = SEL - ALM = 5.2 dB
30 L1 i 1 ] ] L1 1 L ) 1

5 -4 3 2 1 0 1 2 3 4 5 6 7 8 9

TIME AT MIDPOINT OF DATA SAMPLE RELATIVE
TO TIME AT QVERHEAD, SECONDS

(- I S W OO VY SNy [N WU TN N W O | b L | 1 o
224 378 532 764 102.3 122.8 1364 14563 155.8 161.5
28.4 445 639 897 11351303 1413 1514 169.0 1635

SOUND EMISSION ANGLE, ¥, DEGREES
{b) A-WEIGHTED SOUND LEVEL; ALM = 93.7 dB, SEL = 98.9 dB.

Figure 31.-Vaiiation of normalized PNLT and AL with time duringa DC-9-14
flyover, from run 272,
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Another point i{s that, although the time variation of PNLT and AL In
Fig. 3l is relatively smooth, the time pattern can contain scveval shove-
duration peaks. Indeed, for the PNLT data In Fip. 11, the peak at the
rcelative time of -0.55 s has o value which s only 0,1 dB below the maximum
at +0.95 5. If the peak at -0.%5% s had been 0.1 dB Wigher and the peak at
0.95 s had baen 0.1 dB lower, then the sound emlssion anple associated with
PNLTM would have shifted from 102.3° to 63.9° with a correspondingly large
change Iin the length of the sound propagation path and the magnitude of the

calculated band-level attenuatlon due to atmospheric absorption,

Note a2lso that if there had been two or more peaks having the same
max imum values, the one chosen to be designated as PNLIM (and {its corre-
sponding time or emisslon angle) 1is always the last one in a scarch from the
first to the last data sample. The choice of which maximum to deslignate as
PNLT* or ALM does not affect the determination of the lU-dB-down Integration
times or the value ol the integrated measures EPNG or Sel.. The cholee of the
time of ovcurrence of PNEIM or AIM dovs, howover, aflcet the lenpih of the sound
propepat lon path and the caleulatlon of the band=1evel adjustment factors (rom

test to refoerence meteorological conditions,

In five ocut of the nine test cases, the time of occurrence of PNLTM was
the same as the time of occurrence of ALM., Figure 31, however, shows one of
the cases where the relative times wore not the game.  The maximum sound
level occurred at +1.95 5 at an angle of 122.8° or one second later than
PNLIM at an angle of 102.1°, Depending on the spectrum of the svund signal,
the time of ALM could precede or follow the time of PNLTHM, although in three
of the four cascs where the times were not equal, the time of ALM occurred

after the time of PNLTM by 0.5 to 1.0 seconds.
The tone-correction factor (ICF) of 1.8 dB shown in Flg. 31(a) was the

largest value obtained for thie nine test cases although a value of 1,8 dB was

also obtalined for run 358 as indicated below,
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d TCF = Center frequency of hand ‘
’ Run PNLTM-PNLM, with larpest tone-
di correction factor, Iz

DC-Y=1h 272 1.8 1450
422 0.0 11H0 .
158 1.4 3150 b3
; 174 1.3 1150 ;'
378 ) 1150 :
727-100 25 0.4 2500
Lear jet: 12 0.4 2500 |
HS-748: 7 0.5 1600
Beech: 119 0.3 1250 i

e

) The smaller tone-correction factor for run 322 {4 understandable because, ,

Lo
v as shown in Table 4, run 322 was flown at a significantly lower engine power
§ ‘ sotting than the other four DC-Y runs and the tone should have had a lower fre~

‘ queney by the ratio of shaft speeds (by the ratio 61/7% = 0.8) and hence might have

N ahiitted to the next Tower band at 2500 Hz or porhaps have shared some cnerpy
hotwoen the 2900 and the SE50-1z handa. The stiphtly smabler tone=correction
factor for run 374, compared with that for the other runs at the smne power
sotting, s attributed to the fact that run 374 was Flown at almost twice the

hefght ol runs 272; 358, and 1378, see Table 4(b), The small variation of TCF

from 1.5 to 1.8 dB for runs 272, 358, and 378 is an indication of the good repeat-

FECTIITT N S s e

AT

? ability of the data from that test series,
i

The small TCF values for the 727 and the Learjet runs are attributed to
the fact that the sound signal (rom thosce two airplanes is dominated by broad-

band jet noise at the takcoff power setting. The tone-correction algorithm in

program TESTREF, as explained previously, does not compute tone corrections for

ground-reflection effects {n the frequency range below a band center frequency .

of 1000 Hz.

The faect that the band producing the tarpest tone-corrcction factor was the

rolloff caused by atmospheric absorption at high frequencies. A large change

‘ 2500-Hz band for the 727 and the Learjet {s the result of the rapld spectral

|

§ in band-level slope in the test-time sound pressure level spectrum is regarded
|

as a spectral irrepularity for which a tone-correction penalty is calculated
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Tahle 4,-Engine/alrplane parameters
for DC-9 runs

(a) engine parameters

nominal engine engine engine
run thrust pressure exhaust gas LP shaft
no. | per engine, ratio temperature, °C | speed, pct
kN left]right | left | right left{right
272 26.7 1.44 |1.44 370 375 75.1] 75.0
322 13.3 1.205]1.205 322 321 61.2] 60.9
358 26.7 1.44 | 1.44 380 380 75,90 75.2
174 26,7 1.44 | 1,44 390 380 76.01 75.5
178 26,7 1.44 | 1,44 390 385 76,11 75.8
(b) alrplane parameters
alrplune alrplane flap nominal nominal
run | gross welght | helght deflect, | airspeed, flight
no. | at overhead, | over mic, deg m/ s Mach no.
kN m
272 344.9 155.8 33 71,7 0.213
322 312.2 153.8 0 78.3 0.229
358 334.3 152.8 38 74 .4 0.219
374 315.8 339.8 38 73.5 0.215
378 302.1 156.8 36 72.6 0.212

even though no discrete-frequency L8 present.,

For the two propeller-powered alrplanes, the spectral ifrregularities related
to the fundamental and harmonics of the blade-passing frequency in the bands
at 100, 200, and 400 Hz were ignored in calculating tone correctilons.
S$pectral irrepularitics for center frequencies above 1000 Hz were caused by
atmospheric absorption and ylelded the 0.5 and 0.3-dB tone-correction factors

shown {n the table on page L44,

To complete the discussion of the results in Fip, 31, consider the duration
factors DCK for EPNL and DSEL for SBEL. It {s interesting to note that DSEL can
be c¢losely approximated by the quantity (DCF -+ 10), To see why this should be,

and to derive a useful relatlon, we re-write Eqs. (50) and (51) by introducing
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the maximum values PNLTM and ALM, The working definitions for EPNL and SEL

can then be re-cast into the format of Fqs. (48) and (49) where the duration

factors are given by

(o]
DCK = 10 Log z ; 1ol LIPNLTCH = INLTMO At/ (87)

i=t,

and
t2
DSEL = 10 log 2 1000 LIALCD) =AML f L 0, (at/t ). (88)
1=t

LE, as sugpested by the two plots in Figs, 31(a) and 31L(h), the time vari-
ation of the normalized quantittes [PNIT(L) - PNLTM] and [AL({) - ALM) 14 approx-
fmately the same over the perfod of time between the TO=dB-down times ) and ta,
then the two duration correction factors should only differ hy 19 times the

Toparithin ol the ratfo of the reference times lH/lU'
Thus, the following approximation should hold:
DSEL = DCF + 10 log (t,/t) (89)
or
DSEL = DCF + 10, (90)

The reference times of tF = 10,0 s and t, = 1.0 s were used to obtain Eq. (90).

0
Equation (Y90) could be useful in a situation where the EPNL and the duration
factor DCF were known and ALM was also known and it was desired to obtain an

estimate of SEL for the same recording of flyover noise.

Another uscelul relation between the duration factors can be obtained by
approximately the shape of the time variation of PNLT or AL between the 10-dB-

down times by o triavgle with a base oqual to the 10-dB-down duration time
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(

r or simply tD). The vertex of the triangle is at 0.0 dB for the

b,k °F tp,A
normalized quantities at the time of PNLTM or ALM,

The height of the triangle is given by the difference between the power

ratios at 0.0 dB and at 10.0 dB, i.e., by the differcnce between 1,0 and C.1

or a height of 0.9 In terms of power ratios for the normalized ordinate scale.

% : The area of the triungle approximates the area under the plot of [PNLT({)
e ~ PNLIM] or of [AL(1) - ALM] In Iigs. 31(a) and 31(h) and, effectively, provides

an alternative way of cvaluating Eqs. (87) and (88).

Thus, ror the normalized PNLT plot we obhtain

[

DCF = 10 log {[(1/2)(t )(O.9)]/tu}

D,E
+ 10 log (0.9/2t) (91)

»

10 log tD,E

g - 133

2

10 log t

and for the normalized AL plot we obtain

DSEL = 10 log ([ (1/2) (£, (0.9 1/t )
K (92)

= 10 lop tD,A - 3.5,

We can use the value of 6.0 seconds shown in Figs. 31(a) and 31(b) for
tD,E and tD,A to test the validity of the approximations in Eqs. (91) and (92)
Thus, for run 272, Eq. (9!) gives -5.7 dB against the calculated value of -5.4 dB,
while liq. (Y2) gives +4.3 dB against the calculated value of +5.,2 dB, Additional
comparlsons are piven in Table 5 for the approximations given by Eqs. (90), (91),
and (92) with duration=factor values calculated from Egs, (50) and (51) using
computer=-program subroutine INTEG., The approximate duration correction factors

are within one decibel of the values obtalned from the measured data.

The data shown in Fig, 31 were typlcal of the time variation of airplane
nolse level in the sense of being representative of the shape and the 10-dB-

down duration time that would be measured during an Appendix C aircraft-noise-
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Table 5.-Measured and approximate duration factors for EPNL and SEL

(a) Duration factors for EPNL
a a Eq. (90) Eq. (91)
Prop. Angle DCF'= DO ¢ DCTF=
Run | dist., v, Airspeed, | EPNL- DSKL D,E* | 10 log t
no. m deg m/s PNLTM, | -10.0, 8 - D,
dB dB -13.5,
dB
272 | 159.5 [102.3 71.7 ~5.4 | -4.8 6.0 -5.7
322 | 156.8 |101.3 78.13 -6.9 | -7.2 5.0 -6.5
358 | 154.4 | 98.2 4.4 -6.0 | -5.3 5.0 -6.5
378 | 162.3 | 105.0 72,6 -5.5 | -5.4 5.0 -6.5
374 | 369.4 | 113.1 | 73.5 -3.9 | ~4.6 9.5 | -3.7 i
25 507.2 | 139.5 79.2 -2.0 -1.4 13.0 -2.4
12 11925.7 | 135.2 77.7 -0.8 +0.2 29.5 +1.2 ‘
7 65205 92.1 59.7 _305 _304 10.5 -303
119 29809 8302 84.5 "60“ -504 70 -500
(b) Duration factors for SEL
bl, b Eq. (90) iq. (92)
o " e de’ Airspeed, | SEL~ DCF D,A' | 10 log t A
' & m/s AWM, | +10.0, 8 3.5 " 1
vy b
dB dB 4B j
272 185.3|122.8 71.7 5.2 4.6 6.0 4.3 ]
322 156.8 | 101.3 78.3 2.8 3.1 5.0 3.5 ]
358 163,2 | 110.5 74 .4 4,7 4.0 5.5 3.9 3
378 174.1}115.8 72.6 4.6 4.5 6.0 4.3 1
374 | 369.4 | 113.1 73.5 6.4 6.1 10.5 6.7 ;
25 507.2 ] 139.5 79.2 8.6 8.0 13.5 7.8 }
1
12| 1925.7 | 135.2 77.7 10.2 9.2 32,5 11.6 é
7 652.5 92.1 59,7 6.6 6.5 11.0 6.9 ]
119 298.9 83.2 84.5 4.6 5.6 6.5 4.6 T
1
;
a , {
At the time of PNLTM f
i
bAt the time of ALM 4
4
et e }
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certification cxercise for many large jet-powercd alrplanes. ‘The results in

T

Fig, 31 are also representative of most of the data available to thls study.
However, for high=performance airplanes (e.g., most business-executive jets)
and for relatively qulet atreraft (e.g., afeplanes powered by modern high-

bypass-ratio engines including new or re~engined business-executive jots),

the time variation shown in Flp. 31 {s not too representative, cspectally

for rrise measurements at the FAR 36 takeoff or sideline points. i

o
e

§ ) Adirplanes that have a high thrust-to-weight ratio and consequently attain

% X a great helght by the time they reach the 6500-m takeoff-noise-measuring point,
4

; as well as ailrplanes that are relatively quiet, may both generate noise levels i
which, at most, are only a few decibels above the background noise, especilally

' v under highly absorptive atmospheric conditions. In such cases, determination §

of the 10-dB=-down integration times t} and ty can be difficult. Nolse leovels

BRI

s

\ . measured durtng the Ratsbeck=learjet test, run 12, are representatlive of such 3

data with the results shiown In IFlg, 32, Note that the increments along the

e

time scale on the absclssa in Fip, 32 differ from those in Fig., 31 by a factor

[T,
£ -

of two., The range of sound emission angles covered by the data in Fig., 32 is

smaller than In Fig. 31 because the maximum values occurred well after the

overhead point at an angle of approximately 135° and becausc the rate of change

s

; of emission angle with time is slow when the height of the flight path above
£ ' ground level is as great as it was for the Learjet test (l.e., 1357.8 m),

When the propagation distance is long, the nolse level is often observed
to fluctuate by several declbels over relatively short periods of time. The
fluctuations may be caused by atmospheric turbulence or by refraction effects
resulting from varlations in the wind or air temperature along the sound
propagation paths. For the data in Fig., 32, the 10-dB-down duration times,
determined in accordance with the rules described earlier, were approximately
30 seconds. Noise levels between relative times of 10,75 and 13.25 seconds

are not shown 1in Fig. 32 because for those test times there were so few ]

measured band sound pressure levels which exceeded the background sound pressure
levels that the calculated percelved nolse levels and A-weighted sound levels |

for those times were not reliable.
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1/3-0ctave-Band Sound Pressure Levele at the Time of PNLTM.-Thus far we

have discussed the time variation of perceived noise level and A-weighted

sound level. We have also discussed tone-correction factors for perceived

noise level and the duration factors in the calculation of effective per-

ceived noise level and sound exposure level, We now turn to the 1l/3-octave~

T T e o o T s o M i T P e e ST 41 i P e G D M

band sound pressure level spectra,

The sound pressure levels at the time of occurrence of PNLTM are shown

in Fig. 33 for all nine test cases.

‘ Tha gpectra for the four DC~9 runs that were at the same nominal height

! over the microphone (at the distance designated AMH in the legends for the
figures) are shown in Fig. 33(a). The propagation distances, PD, and sound

-

emission angles, Y, are tabulated in the legend. Note that the low-frequency
\ ? component of the spectrum is significantly lower for run 322 than for the
other three runs because run 322 was flown at a lower power setting (see
{ Table 4). All runs had a spectral peak in the band at 3150 Hz.

 Jr L FR [ ST T

4

Note also that the high-frequency sound pressure levels in the 4000 to

3 . 10,000-Hz bands were sipnificantly lower for run 272 than for the other three
runs, The lower levels are probably the result of more-absorptive conditions

along the sound path at the time of run 272 because, as shown in Figs. 25(a)

(e SRR T

and 25(b), the atmosphere was considerably drier during run 272 than during
the other runs. The adjustment factors from test-~to-reference conditions

should therefore be greater for run 272 than for the other runs in Fig. 33(a).

Figure 33(b) shows the spectra for DC-9 run 374 and for the 727. Those
two runs were flown at about the same height overhead, but the propagation
distances and sound emission angles were different because the 727 was !
climbing while the DC~9 was flown in a level flight path. The emission :
angles also differ because the 727 was at takeoff power instead of the
reduced power setting used for the DC-9 runs. Note the much higher level of
low-frequency jet noise for the 727 even though the propagation distance
was 507 m compared with 369 m for the DC-9. The 727 and the DC-9 are
both powered by JT8D turbofan engines.
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NOTE DIFFERENT POWER SETTINGS.

‘ Figure 33.-Aircraft sound pressure level spectre at the time of occurrence of the

maximum test-time tone-corrected perceived noise level, PNLTM,...
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Figure 33(c) presents the spectra for the Raisheck-Learjet (the run with
the longest propagation distance at 1925.7 m) and the two propeller-powered
airplanes — thc Hawker Siddeley HS-748 and the Beech Debonair. The streng
spectral peaks in the HS-748 spectra in the 100, 200, and 400-Hz bands are
related to the fundamental and harmonics of propel’ : blad=-passing frequency.
The spectrum from the Beech Debenair did not contain the sharp spectral peaks

that the HS-748 spectra ccntained.

The spectra 1n Fig. 33 illustrate some of the missing~band problems
discussed in an earlier part of this Section. Data for the 63-Hz band are
missing from the DC-9 data in Fig. 33(a) leaving an isolated sound pressure
level in the first band at 50 Hz. Data for the 80-Hz band is missing from the
DC-9 spectra for run 374 in Fig. 33(b). Data from the runs with long propa-
gation distances have several band levels missing because of background noise
contamination, especially in the high frequencies where the effect of atmos-
pheric absorption has reduced the signal to a very low level. The Learjet

run is also missing low-fv~nuency data in the 50, 63, and 80-Hz bLands.

The spectrum for the 727 for the bands at 4000 and 5000 Hz also seems
to indicate the problem of inadequate rejection in the filter stopbands that
was dlscussed in the provious Section. On the basls of the 507-m pathlength
and the relatively -bsorptive conditions at the surface, the spectral slope
sliould hove continued to decrease from the 3150-Hz to the 4000-Hz to the
5000--Hz bands. The increase rather than decrease in slope is similar to the

filter effect shown, for example, in Figs. 19 and 22,

The ensuing discussinn of atmospheric-absorption effects will concentrate
on the four DC-9 runs at the same nominal power setting (omitting run 322)
and the learjet, run 12, The adjustments for the 727 and the HS-748 are
not too interesting because only surface meteorological data were measured.
The adjustments for the Beech Debonair are also not very Iinteresting because
met ~orological data were measured only at the snrface and at tne airplane and,

as shown in Table 3, there was not much difference in temperature or humidity

betweeun the two heights. Also, for the Beech data, because the temperature was

only 1° to 2° C less than the reference cemperature of 25° C, though the rela-

et
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tive humidity was less than 70 percent, the magnitude of the spectral adjustments

would probably be relatively small. Therefore, because conditions along the

sound propagation paths were not measured during the Beech Debonair tests,
discussion of the effects of the alternative adjustment procedures on the
1/3-octave-band sound pressure levels is omitted for the Beech Debonair data

as well as the 727 and HS-748 data.

Atmosphertc Sound Absorption Coefficients.-One of the objectives of

this study was an evaluation of the differences in calculated band-level

S e L S e i e e AP

adjustment factors caused by differences In computing atmospheric absorption
by the method in SAE ARPB66A and that in ANST S1.26-1978., To anticipate

the magnitude and =ign of the differences, Fig. 34 shows how the atmospheric

sound absorption coefflcients from the two methods vary with the frequency of

a sound wave and the relative humidity and temperature of the air.

The absorption coefficients for the ANSI 51.26-1978 method are presented

as a smooth continuous function of frequency in accordance with the method

in the Standard. However, the coefficients for tne method of SAF ARP866A
have a discontinuity at 5000 Hz [see, in particular, Tig. 34(h)}. The dis- i
cont fnuity, while it could have been eliminated by just using the equations i
for the method and simply varying the frequency in regular steps, was included
in Fig. 34 because the discontinuity is a central part of the method of

SAE ARP866A when dealing with 1/3-octave band data. Thus, the absorption ?
cocfficient by SAE ARPB66A that iy plotted at 5000 Hz was actually calculated |
for a frequency of 4500 Hz; at 6300 Hz it was calenlated for 5600 Hz; at f
8000 Hz it was calculated for 7100 Hz: ~ad at 10,000 !z it was calculated ;
for 9000 Hz. The result is a displacement to the right of the high-frequency

end of the absorption-coefficient curve.

It is interesting to observe that a displacement to the left of the high
frequency portion of the SAE ARP866A curves would make them almost coincide i

with the high-frequency curves calculated by the ANST $1,26-1978 method.

Neglecting the built-in differences between the two methods at high ﬂ

frequencies, the main differences is in the absorption coefficlents at low
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frequencies when the humidity is moderate to relatively high, sce Figs., 34(b)

and 34(c)., The difference at these frequencies would be most significant
for long propagation paths, 1In the frequency range from about 500 to about
] 2000 Hz, the method of ANSI S1.26-1978 generally indicates a smaller absorp-
5 tion coefficient than the method of SAE ARP866A. Thus, for data in that :

range of frequencies, the band-level adjustment factors to reference condi- |

tions should be somewhat smaller, for most test conditions, for the method
of the ANSI Standard than for the method of SAE ARPB66A.

Band-Level Tegt-to-Reference-Day Adjustment Factors.-The first set of

1/3~octave-hand sound-pressure-level adjustment factors are shown in Flg.

38 for DC-9 runs 358, 378, and 272, Those three runs had approximately equal

' v propagation distances and sound emission angles at the time of PNLTM. Also,

they all were flown at nearly equal engine power settings, see Table 4,

\ The sound pressure level adjustment factors for the three runs in Fig. 35

are arranged in order ranging from run 358 which had the smallest values for

T SRR I PO I PR T, YO &

the test-to-reference-day adjustment factors to run 272 which had the largest

adjustments of the three runs, The fact that the adjustments were largest

= e Bl _ 8,

for run 272 was expected because the test-time high-frequency sound pressure

levels for that run were significantly lower, as shown in Fig., 33(a), for

e T s, sl A £

and low humidity during run 272 [see Figs. 24(a) and 25(a)), it was expected

)

)

% that run than for runs 358 or 378. Also, on the basis of the low temperature
;

3

| that the adjustments to 23° C and 70 percent relative humidity should have

been relatively large for the data from run 272.

1 The fact that the adjustments were somewhat larger for run 378 than for
% ‘ run 358 was expected because, again as shown in Fig. 33(a), the test-time high-
frequency sound pressure levels were lower for run 378 than for run 358. For
\ the same propagation distance, emission angle, and engine power setting, the
ﬁ\ lower values of sound pressure level should have been associated with a larger

amount of atmospheric absorption along the sound path, Thus, the lower values

' of sound pressure level should have the larger adjustments to reference meteor-

ological conditions.
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different meteorological conditions along the sound path.
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The reason the test-time atmospherlic conditions should have been more

absorptive for run 378 than for run 358 1s not obvious from inspection of the
meteorological data in Figs. 24 and 25,

It is noted, however, that the pro-
files of the molar concentration of humidity in Fig. 25 had a negative lapse

rate for all runs [including the Learjet run in Fig. 25(¢)] except run 358

S S Mt Sl e

for the range of helghts between the surface and the height of the airplanc.

For run 358, the lapse rate of humidity was positive, as was the temperature

lapse rate shown in Fig. 24(c). Apparently, the meteorologpical conditions

along the path kept changing in such a way that the test~time absorption loss

~ 5.

was closer to the absorption loss under reference conditions for run 358 than
for run 378,

e _ i i e S

El ‘ v The data shown In Fig., 35 illudtrate some general trends observed for the
gl

six of the nine test cases where meteorological data were measured along the

" i sound propagation path. First, therewas some frequency below which the test-

to-reference adjustment factors equalled zero decibels (actually less than
10,05

ETRICIPNRC WP T T e

dB because of rounding to the tenth of a decibel in the calculations).
; The frequency below which the adjustment factor was always zero decibels was
: a function of (1) which model was used to calculate atmospheric absorption
' losses, (2) the meteorolopical conditions at the time of the test, and (3)

the length ol the propagation path,

B s

In gencral, the frequency above which

the adjustment factors were always nonzero was higher using the ANST S1.26-1978
method than the method of SAE ARPB866A, {.e¢., by adiustment procedures (3)

or (4) than by procedures (1) or (2).

5.5

e

This result {s consistent with the differences in the low-frequency absorp-

tion coeflicients in Fip, 34. Compare, for example, the curves in Fig., 34 (c)

o un an Aowmie e ke e s kT AT S, e EmATRE L et = e

for the reference temperature of 25° €, at frequencies below 500 Hz, with those

for colder temperatures in Figs, 34(a) or 34(b). The differences arise because

the model in SAE ARP866A is independent of humidity at low frequencles for

warm temperatures (25° (], while the model in ANSI 51.26~1978, which is based

on an improved understanding of absorption mechanisms at low frequencies, indi-

oA e e T, SRR i BB a2

cates a strong dependence on humidity at all temperatures. The consequence

of the differences in the low-frequency absorption losses calculated by the
two models is not large in an absolute sense unless the propagation path is

of the order of thousands rather than hundreds of meters.
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The second interesting feature of the band-level adjustment factors in

Fig. 35 is that over a relatively large frequency range (generally from 250

to 2000 Hz in Fig. 35) the adjustment factors are negative rather than positive,

A negative factor indicates that the sound pressure level under reference con-

ditions is lower than under the test-time conditions, i.e., that the test-time

ST

meteorological conditions are less absorptive than the reference conditions.

Although, as can be seen from the data in Fig. 34 or by examination of the

IR

tabulated values of absorption coefficients in Volume III1 of this report, the

T T A

absorption coefficients for the warm and humid conditions at 25° C and 70-per-

cent relative humidity are usually smaller than for other temperatures or hum-

idities, they can be greater at some frequencies. At high frequencies, the

Gy s e =

reference-day absorption coefficients are almost always smaller than those under

v practical test-time conditions with the result that the adjustment factors

are generally positive at high frequencles and the scund pressure levels are

greater for reference than for test-time conditions.

e T L ekt ST LSl

7 The magnitude of the negative adjustment factors was always less than one

decibel for the pathlengths corresponding to the data in Fig, 35. Longer path-

; lengths would be expected to result in calculation of factors that are more

negative than those for the pathlengths of Fig., 35. The importance of negative
i . adjustment factors i1s that they tend to offset, to a degree, the influence of

: positive adjustment factors at high frequencies. For a particular aircraft,
the net effect on perceived nolse level or A-weighted sound level depends on

the shape of the spectrum of the sound signal at the microphone. For aircraft

SO Uy S OSSP LA~ U SR NG e

that produce a spectrum having a large amount of low-frequency energy, for

example the Learjet at takeoff power as in Fig. 33(c), the offsetting effect

of the negative adjustment factors could yleld a lower, rather than a higher,

reference~day EPNL and SEL compared with the test-time values,

For most aircraft noise-certitication tests, the relatively small, negative
adjustment factors will not be large enough to offset the larger, positive,
high-frequency adjustment factors. Hence, reference-day EPNLs will usually j
tend to be greater than test-time EPNLs. It may be significant, however, to F
note from Fig. 35 that the method of ANSI $1.26~1978 [prucedures (3) and (4)] j
produced mid-frequency adjustment factors that were conslistently more nepative 7

than those calculated using the method of SAE ARP866A [procedures (1) and (2)]. 1
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The most-significant feature of the duata in Fig, 35 is the large and
positive values of the adjustment factors In the higher-frequency bands starting,

approximately, in the 2000-Hz band for the pathlengths of Fig, 35, The magnitude

of the adjustment factor, lu a particular high=rrequency band, tncerecased as the

test-time meteorological conditions became Increasingly more absorptive, i.e.,

from run 358, to 378, to 272, The frequency where the adjustment factor changed

from negative to positive decreased as the test-time conditions became more

absorptive,

Of greater interest, however, are the differences between the sole use of
meteorological conditions at the 10-m height, procedure (1), and the use of con-
ditions along the path in a layered-atmosphere analysis, procedure (2)., On the
basis of the differences shown in Fig. 24 in test-time absorption coefficient
at 3150 Hz over the height range, it was not expected that there would be large
differences for the DC~9 runs between using LO-m and sound-path meteorological
condltions, That expectation was confirmed by the results tn Fig, 35 where the
difference in band=level adjustment factor between the methods of procedures
(1) and (2) was no more than 0.5 dB at 10,000 Hz f[or the more-absorptive condi-
tions of run 272, Fig., 35(¢). The longer-pathlength and very-absorptive
conditions for the Learjet test, see Fig., 24(f), should show more influence of

the effect of the cholce of test-time meteorvlogical conditions than any of

the DC-9 runs.

For data in Fig. 35, however, high-frequency band-level adjustment factors
calculated using only 1l0-m meteorological conditions were always smaller than
those calculated using the sound-path conditions for the layered~atmosphere
analysis of procedure (2). This result 1s expected to be applicable to most
aircraft noise test conditions likely to be encountered in practice because
meteorological conditions aloft are generally associated with larger test~time
sound absorption coefficients than test-time conditions at 10 meters above the

ground surface,

Another feature of the results in Fig. 35 is that, as expected, the adjust-
ment factors for the high-frequency bands are larger when calculated using the
atmospheric-absorption model of ANSI §1.26-1978 than using the model of SAE
ARP866A. For center frequencies between 4000 and 10,000 Hz, the difference
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ranged from less than 0.5 dB to as much as 5 dB at 10,000 Hz for the absorptive
test-time conditions of run 272,

Most of the difference between the results obtained using the two models
can be attributed to the use of the lower bandedge frequency in the SAE ARP866A
procedure to represent the loss over the four 1/3-octave-bands from 5000 to
10,000 Hz. In fact, if the dashed lines in Fig. 34 representing the SAE ARP866A
model were to be shifted to the left by an amount representing the ratio of the
center frequency to the lower bandedge frequency, the resulting band-adjustment
factors would be in closer agreement than they are in Fig. 35.

The change from using the band center frequency to using the band lower
cutoff frequency introduces a kink or discontinuity in the adjustments calcu-
lated using the SAE ARP866A model in procedures (1) and (2). The discontinu-
ity occurs between the bands at 4000 and 5000 Hz and is most easily seen for
the results in Fig. 35(c).

One final remark from the results in Fig., 35 is that the band-center-
frequency method of procedure (4) always produced a somewhat larger adjustment
factor for the high-frequency bands than did the band-integration method of
procedure (3). The difference increased as the slope of the high-frequency
portion of the test-time spectrum became steeper with increasingly more-absorp-
tive test-time conditions. For the data in Fig. 35, there was no difference in
adjustment factors by procedures (3) and (4) for band center frequencies up to
5000 Hz. The larger factors calculated by the band-center-frequency method for
spectra with steep high-frequency slopes and the agreement at low frequencies
are both consistent with the results obtained by Montegani21 and with the results
of the analytical study in Section 2, see Fig, 14.

For spectra containing steep negative slopes in the high-frequency bands,
the adjustment calculated by the band~integration method is intrinsically more
correct than the adjustment calculated by the band-center-frequency method.

Unless one has available aircraft noise data measured at different dis-

tances under reference meteorological conditions and under a variety of test-

time conditions and were able to compare the ability of the various procedures
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to adjust the measured non-reference-condition data to the measured reference~

condition data, there does not seem to be any analytical technique to use air-

craft noise measurements for determining the absolute accuracy of any particular

adjustment method. Indeed, aircraft noise data may well be the poorest choice

for trying to make such a judgment because of the difficulty of trying to assure

repeatability for those physical parameters which can be controlled as well as

repeatability of the atmospheric parameters which can be measured, not controlled.
f Pernetl“, in & review of aircraft noise propagation literature for the National
‘ Fhysical Laboratory, has described measuring techniques which should be improved

! in order to make better use of aircraft noise measurements for understanding

! aircraft noise propagation phenomena.

Mueller and Hilton?® conducted an analysis similar to that described above

using data extracted from the same series of DC-9 tests in 1974 at Fresno Air

! Terminal and at Yuma International Airport. They considered adjustments to
sound pressure levels obtained during tests under three different test conditions
| at Fresno [none of which was among those analyzed here] and to wound pressure

“ levels obtained at Yuma under nearly constant temperature and humidity conditions.

The Yuma tests were considered to represent reference data., Because of background
noise, they had no data in the bands from 5000 to 10,000 Hz.

|

ﬁ - They used absorption-loss models of SAE ARP866A and ANSI S1.26-~1978., An

? ' undefined "bandwidth correction procedure' was developed and used with the model
& of ANSI 81.26-1978 to give a quasi band-integration procedure for calculating ?

an adjustment factor from test-to-reference conditions,

Mueller and Hilton concluded that the mcthod based on ANSI S1,26-1978 gave i
results closer to the measured reference data than did the method Lased on
SAE ARP866A. They also concluded that an adjustment method using a layered-
atmosphere analysis gave results closer to the measured reference data than
the method based on using only meteorological data measured at a height of

10 meters. ;

The study reported here does not provide any fundamental data for assessing
the validity of the atmospheric-absorption model of ANSI S$1.26-1978 over that
in SAE ARP866A. The study does provide data that can be used to evaluate the
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magnitude of the differences in test-to-reference-day band-level adjustment

factors and the resulting changes in PNL, PNLT, EPNIL, Al, and SEL.

Figure 36 presents a comparison of the sound pressure levels calculated
for the 25° C, 70-percent-relative~humidity acoustical reference day acco>rding
to procedures (2) and (7} for runs 358 and 272, Procedures (2) and (3) both
used sound~path weather. Procedure (2) used SAE ARP866A. Procedure (3) used
ANST S1.26-1978,

For the relatively short propagation distances at the time of PNLTM for
thase runs, the differences between the spectra for the two runs in g, 36
are not consid d significant for band center frequencies at and below 3150 iz,
Differences between the spectra in the four bands from 5000 to 10,000 iz are
constdered to be significant in that they f{llustrate the influence of the two

atmosphieric-absorption mudels,

If all other factors involved in a measurement of aircraft noise (engine
power setting, ailrspeed, propapation distance, sound emission angle, wind,
atmospheric turbulence, and so forth) are equal, then a reference-day spectrum
calculated from one set of tegt-time data should be the same as another refer-
cnae-day spectrum calculated from another set of test-time data. This rationale
was the basis for comparing the reference-day spectra from runs 358 and 272 in

g, 36, The other factors were as ciose as the available data permitted.

Therefore, on that basis, the atmospheric-absorption adjustment nrocedure
that yielded the smallest set of differences between the two reference-day
spectra could be considered superior to cther adjustment prccedures. For the
four bands from 5 to 10 kHz, inspection of the data plotted Fig. 36 shows
a closer grouping of the rererence-day band levels by procedure (3) [Fig. 36(b)]

than by procedure (2) [Fig. 36(a)]. The evidence indicates a preference for the

atmospheric absorption model of ANSI S1.26-1978 over that in SAE ARP866A. Because

of the relatively short propagation distances, the differences shown in Fig. 36.
between the two procedures were not lurge although they appear to be consistent.

The trends agree with those observed by Mueller and Hilton??,

The reference~day sound pressure levels in the 5 to 10-kHz bands by pro-
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cedure (2) are, of course, lower than those by procedure (3) because of the

use of the lower bandedge frequency to represent the absorption over the band.

The higher levels in the 5 to 10-kHz bands did not alter the value of the

tone-correction factor calculated for the various spectra in Fig. 36. A 1.8-dB
% tone-correction factor was calculated for the reference-day spectra as it was
for the corresponding test-~time spectra, see Fig. 31. The band producing the 3
maximum tone-correction factor was always the band at 3150 Hz, The tone-
corrected perceived noise levels and the effective perceived noise levels for

the reference-day spectra were 0.3 dB greater according to procedure (3) than

procedure (2), primarily because of the higher sound pressure levels in the
5 to 10-kHz bands Ly procedure (3).

R it

v As the pathlength increases, the magnitude of the adjustment factors

would generally be expected to increase. The data analyzed above had a

T AT ST TR ST AT

l pathlength of about 160 m. Figure 37 shows the band-level adjustment

factors from run 374 for a pathlength of about 369 m. The results are similar

3 to those shown in Fig. 35 except that (1) the first low-frequency band with

i nonzero adjustments is now the 125-Hz band instead of the 250-Hz band, (2)
E the adjust~ents in the mid-frequenéy range have values which are more negative

than any of the corresponding values in Fig. 35, and (3) the high-frequency

e Flar ta 0 " o b a0 L b B3

adjustments are larger (more positive). There are no data for the band at
10,000 Hz because the test-time sound pressure levels in that “ai:d were :

missing and hence no reference-day sound pressure levels were calculated.

For the high-frequency bands, the methods of procedures (1) and (2)
again showed that the use of meteorological data at a height of 10 m consis-
tertly produced smaller adjustments than the use of meteorological data along
the sounu pach. The kink that was observed for the results in Fig. 35 in the
slope of the adinst int factors between the bands at 4000 and 5000 Hz for
procedures (1) and (2) us. r.g the model of SAE ARPB66A is also evident in Fig.
37.

In Fig. 35, there was no difference between adjustment factors calculated
by the band-integratiun method of procedure (3) and the band-center frequiency
method of procedure (4) except for the very high-frequency bands where the

spectral slope was quite steep. For runs 358 and 374, the smaller adjustments
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Figure 37.-Band sound-pressure-level adjustment factors at the time of PN LTMtest
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by the band-integration method were first noted in the 8000-Hz band. For run

272 in Fig. 35(c), the smaller adjustments by the band-integration method were

first noted in the 6300-Hz band. For run 374 in Fig. 37, the even-more-
steeply-sloped high-frequency spectrum of the noise signal after propagation

7 over the longer pathlength caused the center-frequency method to produce larger
3 adjustments than the band-integration method starting in the 4000-Hz band.

The largest difference, however, was about 0.5 dB in the 8000-Hz band where )

the slope of the test-time spectrum was -8 dB/band.

ST R T

The reference-day sound pressure levels calculated for run 374 can be

used to obtain additional insight into the relative differences between the g
atmospheric absorption models of SAE ARP866A and ANSI S1.26-1978, During the

v analysis of data acquired from a noise-certification test program, it is often

required that the reference~day results be further adjusted for propagation-

e AR S

pathlength differences that stem from the actual airplane flight path not

I
a—

being equal to the flight path calculated for the airplane under the speci-

fied reference conditions. Thus, it is often necessary to include an addi-

tional adjustment factor for propagation over shorter or longer pathlengths.

SETORE SRR L=

i B a2 TR A WSR2

A Adjustment of a sound pressure .evel spectrum to a longer, or shorter, propa-
gation distance is also required when generating predictions of aircraft
noise levels at large distances, as, for example, In determination of the
data base for calculations of the locations of contours of aircraft noise

exposure around airports.

N TR S R ST A e e e

PRSI LW

Comparisors of aircraft noise spectra at different distances should be
made at the same sound directivity angle because the spectrum can change rela-

tively rapidly with angle., For the data available for analysis, reference-day

RPN -

f spectra were only produced for two sound emission angles (i.e., for two times).
The angles were those associated with the time of occurrence of PNLTM
and ALMtest'
113,1°. For the three runs at the shorter distance and at the power setting
used for run 374 (namely, runs 358, 378, and 272), the angle at the time of
PNLTM,__ . cest® From Table 5(b),

we see that runs 358 or 378 could be used to provide data at an angle close

test
For run 374, the two maximum values both occurred at an angle of

was less than the angle at the time of ALM

to the 113.1° angle of run 374, For run 358, the emission angle at Al“test
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was 110.5°, for run 378 it was 115.8°, We chose run 358 t . provide a spectrum k

to compare with run 374 because, as shown in Fig, 35, the test-time meteorolo-

gical conditions were closer to those for an acoustical reference day than |

g were those for run 378,

Figure 38 shows the measured test-time and the calculated reference-day
spectra for runs 358 and 374. The results obtained using the model of SAE
ARPB66A are presented in Fig. 38(a); those obtained using ANSI S1.26-1978 are

i : shown in Fig. 38(b). The generally similar appearance of the spectra from
£ . the two runs is another indication of the good reproducibility of the data

R T R

|
: ; from these 1974 FAA/NASA flyover noise tests.

o .
) For constant directivity angle, the process of extrapolating a sound

g ‘ : pressure level, in sone band of frequencies, from distance s; from the source

S e R A e

to a larger distance s; can be represented analytically by

Ly = Ly - 20 log (82/51) - Aa 93)

i
el

F where the -20 log (sp/s8;) term accounts for inverse-square divergence loss

yoouy

under the assumption that sound waves spread spherically outward from an

f
‘ effective acoustic source and the Aa term accounts for losses resulting from

atmospheric absorption.

] For propagation outward from a source, the atmospheric-absorption-loss

term for sound analyzed by ideal filters can be represented by the following

general expression®

Aa = -10 log {[.[qu [GRl][exp(—/E:2 2a ds)) df]/ .
[fffu Cay dr]} (94)

L

z
,5

where, as before, GRl represents the pressure spectral density of the sound as

a function of frequency at a receiver location at distance s; and o is the

atmospheric absorption coefficient as a function of frequency. The coefficient

a in Eq. (94) has units of nepers/meter for distances in meters.

*See Eq. (A2) of Ref, 2.
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to fU’ evaluation of the

Over the frequency range of the filter from EL
integral in the numerator of Eq. (94) requires a separate evaluation at each

frequency of the integral in the exponent of the exponential term because the

absorption coefficient a is also a function of temperature, pressure, and

humidity and those meteorological parameters may not be constant along the path
Evaluation of the integral over the path

ST

from distance s; to distance sj.
from s; to s for the exponential term requires knowledge of the variation of

: : temperature, pressure, and humidity as a function of distance along the path.
B Co
! In practice, the path would be divided into segments over which average condi-

tions were known and the integral would be replaced by a summation as done

I

P .
¢ ‘ for Eqs. (80) and (81).

P I e

v

: 1f the meteorological conditions were constant over the path (as they are
fur the acoustical reference-day conditions in the current version of FAR 36)
then, as for Eq. (21), the absorption-loss expression of Eq. (94),

g Y

for constant reference conditions, becomes

) f
Aa,ref = -10 log {[[ v [GRI] [10'(8’-'9”[(32 - Sl)/lol]df]

L

fU
[./f‘ Cey df] (95)

L

R TN .

RN e o

o

i
i
i
i

"

where (s2 - s1) 1s the pathlength and 8 0f is the absorption coefficient for

constant reference meteorological conditions in units of decibels/meter as a

~
function, now, only of frequency.
J

|
|
1
i
i

' As a further simplification, if the sound is a pure tone at some frequency

between fI and fU or If the absorption loss is being calculated by treating the

pressure spectral density of a broadband sound analyzed by a bandpass filter

- as though it were a pure tone sound, then Eq. (95) reduces to

S A (a__,)(s2 - s1) | (96)

a,ref " ref

where a is at some frequency within the frequency band associated with A .
ref a,ref
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Because the nethod of SAE ARP866A uses a single frequency to approximate

the absorption loss over a frequency band, Eq. (96) was used to approximate the

¥ absorption~loss term in Eq. (93). Tor constant reference conditions along the

sound path, the general expression ILn Eq. (93) thus becomes

r‘ - - ] - ] -
i, S Ly, ref = Y1, ror = 20 tor (s2/81) - (a, )[s2 - 81)/100] (97)

¢ - where a factor of 100 has been introduced in the absorption-loss term because
E B 8.op OOV has the more-convenient units of dB/(100 m) instead of dB/m.

The use of the format of Eq. (97) to project a spectrum from one distance
to a larger distance permitted a dircct comparison of the two atmospheric absorp-
tion models as well as the different methods [as used in procedures (2) and (4)]
of approximating the absorption losses for the 1/3-octave bands with center fre-

quencies from 5000 to 10,000 Hz.

For the sound pressure levels Ll,ref in Eq. (97), we take the spectra

4 shown in Fig. 38 for run 358 as calculated for referorce conditions. Equation
(97) was used to project the reference-day sound pressure levels of run 358

to the 369.4-m distance of run 374. The difference between the sound pressure
levels projected using run 358 data and the data calculated for run 374 is

then a measure of validity of the ertrapolation procedure. If there is no

B

e

difference between the le.els projected from run 358 and those calculated for
run 374, then the extrapolation method is capable of duplicating the data at

' . the larger uistance. Negative values fur the difference mean that the extra-

polation from run 358 underpredicted the levels from run 374, and vice versa.

The aifferences retween the band levels projected from run 358 and those

from run 374 are shown In TFig, 39 as a function of band center frequency. The

inverse-square divergence~loss term was a congtant 7.1 dB Jrom 164.2 to 369.4

mecers.

ot o o

175

JR R R e i

Ao a4 oA, e . il Al D i, X 1k e bt Lt a3 e i  fikbbe s L ey ik catiiliaidita Ly

e T TSN G 4R 2R Sy e

P T

PPV SR [N TR Ty



TN L NI TR T S S DT LT T LT et NS S T T ek

The results in Fig. 39 are shown only for band ceater frequencies from 800
to 8000 Hz. No data were availlable for run 374 at 10,000 Hz. There was no dif-

ference between the two adjustment procedures for frequencies at and below 800 Hz, i

LTREE

3 The general trend shown by the results in Fig. 39 is for the band levels
projected from the 163.2-m distance of run 358 to the 369,4-m distance of run
374 to be about 2 dB lower than those of run 374. The differences in the lower-
frequency bands from 100 to 630 Hz agreed with this trend but ranged from +1.0

5 : to -3.8 dB. The larger scatter in those bands was attvibuted to differences

i G Al S

caused by variations in the interference effects resulting from ground reflec- .

tions in the measured test-time apectra for the two runs,

The reasons the levels projected from the 169.2~m distance for run 338 were
approximately 2 dB lower than those of run 374 over the spectrum from the 109 to
the 6300-Hz bands are not known. On the basis of the engine and airplane data
listed in Table 4, the strength of the nolse at the source should have been nearly

the same for the two runs. The accuracy of the photographic technique for deter~

: mining height overhead, however, is about *+5 to 10 percent. The accuracy of the

i3
il
Jr
o
o
i
‘
\;l)
i
I
5\
A
&

time synchronization betweecn the taking of the photograph and the recording »f the
noise signal could also account for some of the 2-dB difference. if the haight at
overhcad for rvun 374 was too large by 10 percent while that for run 358 was too
short by 5 percent, then the inverse-square- logss term would have been approximately
1.3 dB smaller aad the across~the-spectrum difference would have beern reduced to
about 1.7 dB. The smail difference in sound emission angle might be able to account

- for another 0.2 d3 of the difference because of the difference in the directivity

of the noise at the source.

A e VL e T T e o 1 i R ALt S RTS8 S i 3 S e R Bt S . LA R

The most-striking and principal feature of the results in Fig, 39 1is tne
gross difference in the trends shown for the 5009, 6300, and 8000-Hz bands. The
method of preocedure (4) based on the model of ANSI §1.26-1978 produced band-level

differences for those banda which were consistent with rhe trends observed at

lower frequencies,
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Figure 39.-For nominally equal sound-emission angies (110.6° and 113.1€), illustration
of effact of choice of atmospheric-absorption model on ability to extrapolate
reference-day SPLs. Comparision of differences between reference-day SPLs
from run 358 at 163.2 m extrapolated to 369.4 m and reference-day SPLs
at 369.4 m from run 374.
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The larger negative value for the 8000-Hz hand for procedure (4) is attribu-
ted partly to the use of the band center frequency instead of the band-integration
method and partly (probably mostly) to ‘he suspicion that the test-time sound
pressure level for the 8000-Hz band for run 374 was contaminated by power trans- g

mitted through the lower stopband. That suspicion is based on the shape of the

high-frequency part of the test-time spectrum showu in Fig. 38 for run 374. Judging

from the absorptivity of the test-time meteorological conditions for runs 374 and

358 and from the roll-off rates for the shorter-distance data of run 358, the test-
time level indicated for the 8000-Hz band of run 374 appears to be higher than

would have been expected.

If the test-time level in (he 8000-Hz band for run 374 had been lower, then
the reference-day level would also have been lower and the difference between the
level projected from run 358 and that of run 374 wouvld have been less t:gative
{more positive). A change of 2 dB in the 8000-Hz band level for run 374 would

have made the difference at 8000 Hz consistent with the differences in the lower

frequencies for procedure (4).

The differences in the 5000, 6300, and 8000-Hz bands using the SAE ARP866A

model in procedure (2) showed an unusual trend in that the data projected from run

358 were greater than the reference-day data from run 374 in these bands. The

levels in all three of these bands would be larger than those of run 374 if a

reason could be justified for making a 1.5-dB to 2.0-dB net positive adjustment to all
differences in Fig., 19. The fact that the projected data overpredict the reference-

e i et AL G s

day levels of run 374 is considered to be the consequence of using the lower

Landedge  frequency in SAE ARP866A to represent absorption loss over a band

ol [regquency,

Notv cimt the downwnrd trend from the 6300 to the 8000-Hz bands in Flg. 39
for procedure (?2) would have heen continued as the steady upward trend from the
4600 to the 6300-Hz bands 1if the 2-dB reduction in the 8000-Hz reference-day
band level for run 374 was proper ag postulated above in the explanation of

the more-negative difference in the 8000-Hz band for procedure (4).
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Overprediction of high-frequency band levels when using the method of
SAE ARP866A to extrapolate to larger distances is regarded as a significant
shortcoming of the method. If the process had been reversed and the data of
run 374 had been used to estimate the band levels of run 358, the results would
have been reversed and the method of procedure (2) would have underpredicted the
levels of run 358. Errors arising from the use of a single frequency to
calculate atmospheric absorption loss over a frequency bhand were also pointed

out by Montegani in Ref. 21,

The conclusion here is that a band-center-frequency or band-integration
method appears to be better able to reproduce high~frequency data measured at
a longer or shorter distance than does the lower-bandedge-frequency method of
SAE ARP866A. Moreover, for all bands between 1000 and 4000 Hz, the method of
procedure (4) with ANSI S1.26-1978 was consistently better (i.e., produced
band-level differences in Fig. 39 that were closer to zero) than the method
of procedure (2) with SAE ARP866A, though only by 0.2 to 0.4 dB. The consis~
tency of the trend and the fact that it was observed in each of the seven bands
between 1000 and 4000 Hz are, howaver, ccnsidered to be significant factors in
favor of the use of the ANSI S1,26-1978 model instead of the SAE ARP866A model
for atmogpheric absorption when adjusting measured test-time sound pressure
levels to acoustical-reference-day conditions. Furthermore, smaller differences
(i.e., improved correlation) would be expected for the high-frequency bands,
where atmospheric absorption effects are most noticeable and the spectral slopes
can be very steep, if the atmospheric-absorption loss were computed by integra-
ting over the response of a filter and if a procedure were used to remove real-
filter effects (i.e., effects caused by non-ideal filter-transmission character-
Istics) from the measured test-time sound pressure levels before adjusting the

data to acoustical-reference-data conditions.

The procedure for removing real-filter effects must, however, be an
approximate one because¢ there Is no exact analytical method to determine ideal-
filter band levels from real-filter band levels and the frequency response

characteristics of the filter. /

The analysils of the data from the DC-9 [lyover nolse tests at Fresno for

propagation pathlengths o) about 160 and 370 m has yielded certain conclusions
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relative to calculation of adjustment factors from test-to-refereunce meteoro-

logical conditions. The conclusions were concerned with (1) the use of meteoro-

logical data at the 10-m helght versus meteorological data along the sound path,

; (2) the use of the atmospheric-absorption model of SAE ARP866A versus that of

ANST S1.26-1978, (3) the use of the band center frequency tu calculate
atmospheric-absorption loss versug a method of integrating over the response
of a filter band, and (4) the need to account for real-filter response effects

in the measured test-time 1/3-octave-band sound pressure levels.

TS T T
——
o

The apectral effects on which the conclusions were based depended on the
length of the sound propagation path and the absorptive character of the atmos- -}

For the DC~9 runs, the absorptive quality of the atmosphere was not

; . phere. ;
?‘ . greatly different from run to run and the pathlengths were relatively short. i
% o For the one remaining set of flyover noise data with meteorological data avail- !
I ‘ able along the sound path (i.e., that from the test of the Raisbeck-modified %

b
Gates Learjet in run 12), the atmosphere was much more absorptive and the 1926-m

- pathlength was much longer. Differences between the four adjustment procedures

were expected to be larger for the Learjet data than for the DC-9 data.

Figure 40 shows the band-level adjustment factors calculated for the data !

; from the Raisbeck-Learjet test by the four alternative procedures. The results ﬂ
§

in Fig, 40 apply to adjustment of the test-time spectrum associated with both K

! PNLTMtest and ALMtest since the maximum values of both cuantities occurred at 5
§ the same relative time (i.e., the same sound emission angle). The results in }
E - . Fig. 40 are limited to band center frequencies from 100 to 3150 Hz because of §

background noise contamination of the test-time sound pressure levels in the :E

low- and high-frequency bands.

g ! Differences among the four alternative adjustment prucedures that were

; seen in the results from run 374 in Fig. 37, in comparison with the results for
t. s the other DC-9 runs in Fig, 35, are much more evident for the results in Fig. 40,
F“S The low~frequencv band where the adjustment was zero for all procedures was not

determined bhecause it was at a frequency below the limit of the data at 100 Hz,

2
' Differences between the mcthods based on SAE ARPB66A [procedures (1) and
(2)] and the methods based on ANSI S1.26-~1978 [procedurea (3) and (4)] were
180 b
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particularly evident for band center frequencies from 100 to 1600 Uz, From

s

100 to 400 Hz, procedures (3) or (4) showed positive adjustment factors; between

3 500 and 1600 Hz, the adjustments decreaced to relatively large negat’'ve values.

4 The adjustments by procedures (1) and (2) were always negative over this fre-

quency range, but not as negative as those calculated by procedures (3) and

(4). The same trends for the differences between the two absorption models

were also in the results from run 374 in Fig., 37, though not as prominent as
in Fig. 40. The differences in adjustment factors are the result of differences
between the two models for atmospheric absorption as shown by the curves in

Fig. 34.

Comparing the results using procedures (1) and (2), Fig. 40 shows that, as

‘ N expected, sole use of meteorological data measured at the 10-m height results in

significantly smaller adjustments than use of meteorological data measured along
\ . the sound path. The meteorological conditions aloft [see Figs. 24(f) and 25(c)]
were quite different, and more absorptive, than the conditions at the 10-m height.

Since FAR 36 rejuires measurements, at various times throughout each test day,

of the meteorological ‘:onditions of the atmosphere at various heights above
ground level, it would appear to be iogii:al, and for no significent increase
g in test cost, to always use the meteorological conditions along the sound path
& when computing adjustment factors for ditferences in atmospheric absorption

under test and reference conditions.

Referring again to Fig., 40, the frequency where the higher-frequency adjust-
ment factors changed from negative to positive was significantly lower than for
the shorter-pathlength adjustment factors shown iIin Figs. 35 and 37. For pro-
cedure (2) using SAE ARPB66A, the crossover frequency was between the 1000-
and 1250-Hz bands. For procedures (3) and (4) using ANST $1.26-1978, thce

crossover frequency was between the 1600- and 2000-Hz bands.

If we consider just the methods that use the meteorological conditions
aloft [procedures (2), (3), and (4)], it is interesting to note that the
adjustments calculated using the procedure of SAE ARP866A were greater (i.e.,
more positive) than thoece calculated using the procedure of ANSI S1.26-1978
for every band center frequency from 630 to the upper limit of the data at
3150 Hz. The effect of the offset or kink in the procedure of SAE ARPB66A
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between the 4000 and 5000-Hz bands is not evident in Fig. 40 because the uata

terminate at the 3150-Hz band. The adjustments calculated by making use =¢

the SAE ARP866A method (i.e., the greater absorption losmes) were larger

P Y OIS

é than those calculated using the method of ANSI 51.26-~1978 because the absorp~
E tion coefficients .u ARP866A are larger at those frequencies than the absorp-
% tion coefficients from ANSI S1,26~1978 fur the cold and dry conditions pre-
E vailing at the time of the test,
¥ As a final observation about the results in Fig. 40, we note that the
g difference between the adjustment factors calculated by the band-integration
|
é method of prrcedure (3) and the band-center-frequency method of procedure (4)
i was small-to-negligible for all frequency bands covered by the available data,
£
3 v The Targest difference was 0.5 dB in the highest-frequency band at 3150 Wz
b ~ .
g . where the test-time spectral slope was also steepest and the hand-contor-fre-
§ ‘ : quency method probably overestimated the actual absorptlon loss. B
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E v Ejfect of Different Adjustment Procedures ¢ . ot - ay Sound Pre-iure y

% Levels,-The discussion of the effect on the 1/3-n .:e “an’ -+ nd pressure levels Y

g of using different procedures to calculatec adjustuen. ' ::tc': pr atmospheric i

i :

% atsorption losses concludes with examination of the tr.:- - . .d reference-day sound !

{i pressure levels in Fig. 41 at the time of PNL’.*Mteq CoA ‘or the Raisbeck- f

E Learjet data. Only reference-day levels by procedu s (i1, (<), anda (3) are ﬁ

{ §

4 shown because the levels by procedure (4) were almost identical to those by

i _ :

b procedure (3). i

: I

ﬁ At low frequencies (i.e., the 100 to 40N-Hz bands), the differences bYetween :

' - 4

1

1

the calculated~reference-day sound pressure levels are noticeable, but not too

important. The differences among the higher-frequency sound pressure levels

T ' (i.e., the 500 to 3150-Hz bands) are significant.

Ce i R T v

LS
am—

The relatively small adjustments calculated using the 10-m meteorological

data and procedure (1) make the high-frequency reference-day spectrum by that :
" procedure have an entirely different shape than the spectrum determined using %
procedures (2) and (3). The method of procedure (1) essentially preserves the
rapid high-frequency rolloff of the test~time spectrum. The absorption-loss :
adjustnent facters determined by procedure (1) are not considered to be a reason- ‘
able representation of the actual losses over the 1926~m pathlength for the meteoro-

T

logical conditions as they existed ~t thc time of the test. j
\

The reference-day sound pressure levals calculated using procedures (2) and

T R A R T TR L S 1 e D S

(3) both have a more-gradual high-frequency rolloff than the levels calculated

using procedure (1). The levels determined using ARP866A are higher than those

determined using ANSI S1.26-1978 because the adjustment factors were greater as

indicated in Fig. 40.
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The most-interesting aspect or the results shown in Fig., 41 is the high~

™ frequency "turning up" of the reference~day spectra determined by procedures
k (2) and (3). The "turning up" of the spectra at high frequencies is considered

to likely be an incorrect resule because the Learjet was operated at a high

power setting and the spectrum measured in the far field at an emissjon aigle of
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135° should have been that produced by broadband jet-nolse sources in the
exhaust streams from the two turbojet engines, A jet-noise spectrum, with a
maximum occurring between the 200 and 315-Hz banda, would be expected to decrease,

not increase, at high frequencies under any meteorological conditions, especlally
for a propagation distance of 1926 meters.

The high-frequency "turning up" of the reference-day sound pressure levels
is more noticeable for the levels determined using procedure (3) than using pro-
cedure (2). For procedure (2), the sound pressure levels in the 2500- and 3150-Hz
bands are the only levels that appear to be aff..ted by the "turning-up'" phenomenon
in that the band-level slopes over those bands did rot decrease with increasing
frequency as would be expected for a spectrum producev by a jet-noise source. In
other words, the level change from the 1600-Hz band to the 2000-Hz band was -1.,9 dB:
then from the 2000 to the 2500-Hz band the level change decreased to only -2.0 dB;
from the 2500 to the 3500-Hz band the level change Increased to -0.9 dB {nstead of
decreasing. Even for the minimal absorption condltions assoclated with 25° ¢ and
70-percent relative humidity, the band-level slope should continually decrease
with Increasing frequency for a pathlength as long as 1926 meters.

For procedure (3), the sound pressure levels in the three bands at 2000, 2500,
and 3150 Hz seem to be influenced because the slope of -2.0 dB from the 1250 to
the 1600-Hz band Increases to -1.6 dB from 1600 to 2000 Hz, increases again to
-0.2 dB from 2000 to 2500 Hz, and increases again to +0.8 dB from 2500 to 3150 Hz.
The "turning up" is more noticeable for the procedure (3) results because the band-
level slope actually becomes positive from the 2500 to the 3150-Hz bands. The trend
indicated by the positive slope is that the level in the 4000-Hz band (had there
been any test-time data at 4000 Hz) would have been quite a bit higher than the
level in the 3150 Hz band, and so on. Such a result would be considered to be
ludicrous for a jet-nolse source. Such trends are similar to those obtained for
the hypothetical spectrum considered in Section 3 for filters having non-ideal

response characteristics with the results as shown in Fig. 22,

"Turning up" of reference-day high-frequency sound pressure levels calculated
bty adjusting measured test-time sound pressure levels for differences in atmosgpheric

absorption losses has been observed by others, e.g., see Refs. 24 to 28. The reasons

put forward to explain the '"turning up" of the reference-day sound pressure levels
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have included speculations that atmospheric absorption losses were not properly
modeled, that meteorovlogical conditions along the sound propagation path were
not measured properly or with adequate resolution and hence that the adjust-
ments from test-to-reference conditions could not be expected to apply to the
measured test-time sound pressure levels?® or that the calculated high-frequency
adjustment factors were too large because they were calculated at a single
frequency that was too high to be representative of the loss over the width

of the higher-frequency bands. The latter concern is the reason the nominal
lower bandedge frequency 1s used in SAE ARP866A for the four bands from 5000

to 10,000 Hz,

Analysis of DC-9 flyover noise data from the 1974 tests at Fresno and

2% resolved the problem of a

Y:ma that was perforued by McCollough and True
high-frequency turning up of the referencc-day spectrum by arbitrarily rolling
off the adjusted spectrum starting in the 4000 or 5000-Hz bands. The roll-
off was applied after visual inspection of the adjusted sound pressure levels.
The rolloff rate appears to have been -6 dB/band for the 1/3-octave-band data.
The difference in reference-day EPNL between using and not-using the arbitrary
rolloff of high-frequency data was said to be less than 0.5 dB for the path-

length distances that were examined.

Calculated values for the high-frequency sound pressure levels reported
here have not included any arbitrary rolloff. Any single rolloff rate was not
likely to be applicable to all engine power settings and measurement distances.
Nor would a single rolloff rate apply to all sources of aircraft noise. The
requirement to 1inspect each spectrum to determine the frequency at which to
start applying the rolloff was considered neither desirable nor compatible with

automated processing of alrcraft flyover noise data by a digital computer,

It was considered that the cause of the high~ficauency turning up of
reference-day spectra should be determined and a solution developed which could
be used by a digital compurer when analyzing any set of aircraft noise data.

If as suspected, the fundamental problem was incorrect test-time band levels
because of contamination from power transmitted through the lower stopbands
of the filters, than a method should be developed to estimate what the band

levels would have been if the filters had ideal transmission response charac-
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teristics, Development of an appropriate method to accomplish that task was

not within the scope of the effort reported here.

Effect of Different Adjustment Procedures on Reference-Day EPNL and SEL. -
Thus far we have discussed the effect of alternative atmospheric-absorption

adjustment procedures on 1/3-octave-band sound pressure levels and the maximum
We now turn to

Rl st e

values of the frequency-weighted quantities PNL, PNLT, and AL.
an examination of the effect of the alternative adjustment procedures on the

e

time-integrated measured EPNL and SEL,

Since the aircraft noise data used for the analyses reported here had been

previously acquired and analyzed by the FAA and NASA or by BBN for other purpocses,

it sl o il oA o L

T ey

IR e = in i

it was felt that it would be instructive to compare certain results obtained from

‘ the present analyses with those obtained by the FAA and BBN. Table 6 presents a

compilation of a number of comparisions between the values of various quantities

determined from the present study (abbreviated as P.S.) with those reported by
Comparisons are shown for each of the five DC-9

e e 2 e+ . St

S T T——

MeCollough and True in Ref, 25.
Except for the last two entries, the comparisons in

runs from the Fresno tests,
Table 6 are all for test-time meteorological conditions.

- — i e . i ik~

With the exception of a few anomalies, the comparisons in Table 6 indicate

good agreement between the results from the present study and the previous results

.
r‘ .
L
)
3
L
;
i
4

|

in Ref. 25, The differences, in general, are consistent and explainable,.

The maximum A-weighted sound levels, ALM, determined in the present study

are all higher than those from Ref. 25. The differences range from 0,1 dB to ;
f

1.8 dB [for run 322] with an average difference of 0.7 dB for all five rums,
(2

or 0.4 dB 1f the 1.8 dB difference for run 222 is excluded.

1
i
The reason for the differences may be related to differing practices used j
during processing of the data - by th: Department of Transportation's Transpor- 3
tation Systems Center for the data reported by the FAA in Ref. 25 and by DyTec :

and The Boeling Company for the data’? used for the present study.
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The effective percelved nofse levels in the sixth row {n Table 6 reflect

the differences in PNL1M and duration-correction factor. The differences in

EPNL tend to be less than the differences in the preceding quantities because

: tend to offset the higher PNLTH values. There is8 no consistent trend to the

\

|
the more-negative duration-correction factors calculated for the present study (
differences in EPNL because of variations in the combinations of the differences L
Y

in PNLIM and duration-correction factor.

PRSP

The three quantities following the effective perceived noise level in the

- ———

fixth row of Table 6 are related to the time synchronization of the recorded

ST =

o e

noise signal and the position of the airplane on the flight path. For each
' quantity [(1) the difference between the time of occurrence of PNLTM cnd the
{

)
A time at overhead, (2) the sound emission angle at the t¢ime of occurrence of

PNLTM, and (3) the length of the sound propagation path at the time of occurrence
In each case, the FAA

TR S e g e,
,

\ ‘ of PNLTM] there are significant and congistent differences.
data from Ref. 25 show later times, larger angles, and longer pathlengths.

=y

For the data that were used for the present satudy, timing data were initially

reviewed and checked with NASA personnel. During data processing, the timing

i data were re-read and checked by the Boeing personnel who transcribed the time-~
Time code on the magnetic¢ tape

R e S
4

code recordings from the original data tapes,
: recordings of the alrcraft noise signals was read for each of the two sets of

T e v remal e L L 3 s i

microphones for each of the 37 aircraft nolse recordings that were analyzed??.

et

For each test, the original photographs of the test airplane were re-examined to

determine the height at overhead. Several errors in previous height calculations

Alrcraft speed during the flyovers was determined for

were found and corrected.
each test from the distance between the timing cameras and the time interval.

Y

The airplane speed from those calculations was checked against the airspeed

noted ot the cockpit log for each test. Thus, the timing, airspeed, and height

data used for the present study from the DC-9 tests are as accutrate as the data-

v acquisition system permitted.

R N S

With regard to the reported timing and angle/pathlength data, Ref. 25

states that the data which were listed are average values for a number of nomin-
{

ally identical test runs. There could be 20.5-8 variations in the calculation of

the average time for a set of test runs. Reference 25 also does not specify
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the convention that was used to specify a reference time within the 500-ms

span of a sample of data. The mid-point of the data span was used for the

pruesent study.

Because of the sensitivity of sound-emission angle and propagation dis-
tance to changes in timing data for these flyovers at heights between 150 to
160 m, the relatively small timing differences caused relatively large shifts
in the calculated value of the sound emission angle and propagation pathlength.
The layered-atmosphere method of calculating an atmospheric-absorption adjust-
ment factor should thus have yielded larger factors for the longer pathlengths ;

of the data reported in Ref. 25.

Test-to-reference-day adjustment factors, using SAE ARP866A and meteorologi-

cal data at the surface or aloft [i.e., procedures (1) and (2) in the notation

of the present study], are shown in the final two rows of Table 6. There was
no consistent trend for the differences between the values obtained from the
present study and from Ref, 25. Adjustment factors from the present study were

sometimes larger, sometimes equal to, and sometimes smaller than those from

Ref. 25.

There should have been no difference in calculation of atmospheric absorp-

tion since both sets of calculations used the same method. There wight have

AL Rt P T e PSR il s abene

been minor differences in the determination of test-time metenrological condi-
tions. Reference 25 showed plots of vertical profiles of temperature and §
relative humidity for two of the five runs analyzed for the present study. The f
data in those plots showed good agreement with the corresponding data in Fip. 24. f
The meteorological data used for the present study were obtained from and reviewed L
with NASA personnel to verify and eliminate certain anomalies. For each aircraft
height, interpolaisons to derive meteorological parameters applicable to the

test times were carried out for each of the 37 test runs.

Therefore, like the timing and height data, the meteorological data for
the present study should have been as accurate as the measuring system permitted

and should have been close to the data used in Ref. 25. Indeed, the differences,

in general, were small and did not exceed *0.2 dB.
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Data for the remaining four of the nine test cases were obtained from

Table 7 compares the values of ALM, PNLM, PNLTM, and EPNL calculated by
There are only negligible

BBN .
BBN and the present study for those four test cases,
differences in the ALM data as there should have been since the 1/3-octave-band

sound pressure levels were not re-processed for the BBN data as they were for

the DC-9 runs discussed above for the comparisons in Table 6.

Table 7.-Comparison of test-time quantities calculated
by BBN and by present study (P.S.) for data
obtained from BBN.

Quantity | Source | 727 | Learjet | HS~748 | Beech
BBN 100.2 ] 80.5 78.9 ] 82.7

ALM, dB P.S, 100.1| 80.4 78.9 |82.7
BBN 112.1} 90.5 91.8 | 92.1

PNLM, dB

NLM, P.S., ]111.9] 89.8 91.2 |91.9
BBN 112,7 ] 91.5 95.0 | 93.7

PNLTM, dB P.S, 112.3 1 90.2 91.7 [ 92.2
EPNL. dB BBN 110.0} 91.1 91.0 | 89.1
’ P.S. ]110.3} 89.4 88.2 |87.8

The BBN data, as supplied to us, were not processed to remove background

noise contamination. For our analysis of the four sets of data from BBN, we identifed
an appropriate set c¢f 1/3-octave-band sound pressure levels to represent background
noise levels for each run., Data represencing aircraft noise signals were then

obtained by waking use of Eq. (47) to remove the contaminating effects of background

noise.

Differences in the sound pressure levels caused by removal of background noise
contamination ar? considered to be the reason for the 0.2 to 0.7-dl lower PNLM

values shown in Table 7 for the present study.

values of sound pressure level (and hence perceived noise level) and partly to the
fact that the calculations of tone correcticns for the present study started in the
800-Hz band while those calculated by BBN appear to have started in tie 80-Hz band
and thus included ground-reflection effects as well as spectral peaks at the funda-
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mental and harmonilces ot the propeller blade-passing frequency for the HS-743

and Reech Debonair data.

Differences in EPNL in Table / reflect differences in sound pressure levels,
perceived noise levels, tonc-correction factors, nnd duration-correction factors.
The differences are considered to be consistent with the above e¢aplanations for

the diiferences in perceived noise levels and tone-correction factors.

The various comparisons in Tables 6 and 7 have established the credibility of
the results of the present study and of the basic methods used to analyze the

aircraft flyover noise data. For the nine test cases that were studied,

Tablec 8 and 9 list the test~time and reference-day values for the various

frequency-weighted and time-integrated quauntities of interest, Results are

listed for each of the four atmospheric-absorption adjustment procedures.

The data in Table 8 are for the six ruuns for which vertical profiles of

meteorological parameters aloft were measured, i1.e., the five DC~2 rune and

the Learjet run. The data in Table 9 are for the three runs (727, HS-748,

and Beech Debonair) for which vertical profiles of the meteorological parameters

were not measured and only surface data were available. The data in Table 3

are shown here for the record; the reference-day data in Table 9 are essentially
the same for all adjustment methods because .he meteorological parameters mea-

sured near the ground had to be assumed to apply all along the sound path. The

results in Table 9 will not be discussed further.

The data in Table 8 corroborate the trends illustrated by the previous

discussion of the effects of the different adjustment procedures on the 1/3-

octave-band sound pressure levels. The changes in EPNL should be the came as

the changes in PNLT since the duration-correction factor was assumed to be the
same under reference-day conditions as 1t was under test-time conditions,

Similarly, the changes in SEL should be the same as the changes in AL.

For the shorter sound-propagation pathlengths, the tone-correction factors

were approximately the same under reference--day conditions as they were under

test-time conditions. For the two runs with moderate and long pathlengths

(DC-9 run 374 and Learlet run 12), the tone-correction factor under reference-
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4 Table 8.-3ummary of frequency-weighted and time-integrated .
v noise levels for DC-9 and Learjet test cases where ]
! metenrological data aloft were measured. '
g Test-time or ief.-day levels | PNL, ( PNLT, | TCF, | EPNL, | | AL, | SEL, |
4 for indicated run number dn dB dB dB dB dR
b bt
E . DC-9, rw: 272, test time 108.3 { 110,1 [ 1.8 | 104.7 93.7 | 98.9
% ‘ adj. proc. 1 109,3 (111,11 1.8 |105.7 94.4 | 99.6
6 adj. proc. 2 109.4 | 111.211.8 |105.8 94.5 1 99.7
% adj. proc, 3 109.7 j111.5 1.8 |106.1 94.8 | 100.0 ;
¥ adj. proc. 4 109.7 1 111,5]1.8 ]106.1 94.8 1100.0 '
g o DC-9, run 322, test time 109.2 1 109.8 | 0.6 | 102.9 94.9, 97.7
i v adj. proc. 1 109.4 | 109,91 0.5 |103.1 95.1 1 97.9
o adj. proc. 2 109.4 | 110.0| 0.6 |103.1 95.1| 97.9 !
[ adj. proc. 3 109.5 | 110.31 0.5 | 103.4 95.5| 98.3 |
i . adj. proc. 4 109.8 1110.3 1 0.5 1103.41¢ 95,51 98,3
%‘ ‘ DC-9, r.» 158, test time 110.2 {112,011.8 | 106.0 95.4 1 100,1 ;
; adj. proc. 1 109,49 {111,941 2.0 | 105.9 95,31 100.0
G adj. proc, 2 110,06 | 111.9( 1.9 | 106,0 95.4 | 100,11
§ - adj. proc. 3 110.3 112,21 1.9 }106.3 95.7 | 100.4
L adj. proc. 4 110.3 | 122,211,9 |106.3 95,7 1 100.4
; DC-Y, run 374, test time 101.,21102.51.3 98.6 87.21 93.6
; adj, proc, 1 101.6 { 102,7 | 1.1 98.8 87.3 | 93.7
v adj. proc. 2 101.6 1 102.7 { 1.1 98.9 37.31 93.7
3 adj. proc. 3 102 7 1i03,2) 1.2 99.3 87.5] 93.9
k adj. proc. 4 _d02.11103.211.1 99,3 87.6 1 93.9
¢ IC-9, run 378, test time 109.6 | 111.1 | 1.5 | 105.6 | 95.1] 99.7
§ adj. proc. 1 110.0 | 111.5( 1.5 | 105.9 95.5} 100.0 }
¢ adj. proc. 2 110.0 | 111.5{ 1.5 §105.9 95.5| 100.1 1
: adj. proc. 3 110.3 | 111.8{ 1.5 ![106.2} | 95.9] 100.4 '
; adj. proc. 4 110.3 [ 111.8|1.5 |106.2] [95.9] 100.4 4
. Learjet, run 12, test time 89.8 | 90.21 0.4 89.4 80.4 1 90.6 }
‘ adj. proc. 1 89,7 | 90.01G.3 89.2 80.0] 90.2 , g
3 ; adj. proc. 2 90.7 90.91 0.2 90.1 80.5 90.7 )
S adj. proc. 3 90.5 | 90.71} 0.2 89.9 79.7 1 89.8
% 1 adj. proc., 4 90.51 90.710.2 | 8Y9.9 79.7( ¢9.9

*Reference~day duration factors for EPNL and SEL are not tabulated here
3 because they are, by definition, the same as the test-time duration
factors (at least to + 0.1 dB from rounding).
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day conditions was always 0.1 to 0.2 dB smaller thar . - - under test-time

meteorologlcal conditions. In determining the effective percelved nolse level,

E the smaller tone-correction factors for thosc larger pathlengths tended to ot fset
; the larger perceived noise levels assoclated with the adjusted reference-day
; 1/3-octave~band sound pressure levels. %
g Table 9.-Summary of frequency-weighted and time-integrated noise
1 ' levels for 727, HS-748, and Beech Debonair test cases ]
: . where only surface meteorological data were measured. I
|
g ' Test-time or raof.-day levels | PNL, | PNLT, | TCF, | EPNL, AL, |SEL,
: , for indicated run number dB dB dB dB dB dB
t 727, run 25, test time 111.9( 112,3 } 0.4 | 110.3 100.1 j108.7
; adj. proc. 1 111.7 { 112.1 { 0.4 | 110.1 99.9 | 108.5
N f adj. proc. 2 111.7 { 112,1 | 0.4 | 110.1 99.9 | 108.5
E adj. proc. 3 111.7 | 112.1 § 0.4 | 110.1 99.8 | 108.4 :
Py adj. proc. 4 111.7 { 112,1 | 0.4 | 110.1 99.8 | 108.4 j
E \ HS-748, run 7, test time 91.2§ 91.7|0.5 88.2 78,2 | 85.5 4
3 adj. proc. 1 91.1 | 91.5| 0.4 88.1 78.8 | 85.4 ;
[ adj. proc. 2 91.1{ 91.5}0.4 88.1 78.8 1 85.4 z
& . adj. proc. 3 91.1 | 91.6 ] 0.5 88.2 78.9 | 85.5 ;
§ adj. proc. 4 91.1 | 91.6 {0.5 88.1 78.9 | 85.5 é
g Beech, run 119, test time 91.9 92,2 1 0.3 7.8 82,7 | 87.3 i
] adj. proc. 1 91.9 | 92.2 (0.3 87.8 82,7 | 87.3 i
{ adj. proc. 2 91.9 | 92.210.3 87.8 82,7 | 87.3 .
: adj. proc. 3 91.9 | 92.2{0.3 | 87.8 82.6 | 87.2 j
adj. proc. 4 91.9 | 92.2 {0.3 87.8 82.6 | 87.2 i
g
v
4 i
? Figure 42 was prepared to help visualize the trends resclting from the %
£ use of the four adjustment procedures. Figure 42(a) shows trends for the
-
charges in effective perceived noise level by plotting the change in tone-
- . corrected perceived noise level, i.e., from Eq. (46) using
k ¢
" - = ! - 98
EPNL . - EPNL . = PNLT| . - PNLTM . (98)
W, Figure 42(b) shows the trends for changes in sound exposure level by plotting
?N* . _ the change in A-weighted sound level, i.e., from
= t -
é. SELref = SElpege ALref ALMtest:' (99)
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E"\ Figure 42..Test-to-reference-day adjustment factors by the four adjustment
; procedures for PNLT and AL for DC-9 test cases (runs 272 to ‘
378) and Learjet (run 12). y
1
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The primed quantities in Eqs. (98) o~ud (99) represeant the tone-corrected
perceived noise levels and A-welghted sound levels calceulated for refercoce-

day meteorological conditlons from the gpectra corresponding to PNLTMLest

and ALMtest‘ respectively.

Examination of the data in Fig. 42 provided the following observations:

T T e T

: R (1) The largest positive adjustment factors were those for DC-9 run 272
: which had a pathlength of about 160 meters and which was flown under cold and

dry meteorological conditions.

(2) Negative adjustment factors were generally noted for the Learjet run
v 12 which had a pathlength of about 1926 meters and which was flown under meteor-
ological conditions along the sound path that were drier than those of DC-9

T R T W T e R T
.

‘ ' run 272 but not quite as cold.

(3) Except for the Learjet run 12, the trends for, and the magnitude of,

B

the changes in PNLT were very nearly identical to those for AL. The adjustment

factors for the Learjet datawere strongly affected by the length of the path,

!

the test-time meteorological conditions, the shape of the measured spectrum of
the sound signal, the apparent contamination of the measured 1/3-octave-band
levels by power transmission through the stopbands of the real filters, and

on whether it is the change in PNLT or AL that was being considered.

é
¢
?
{

(4) VFor each run, procedure (1), which used only the meteorological data

at the 10-m height, always yiclded the smallest adjustment factors.

' (5) Except for the Learjet run 12, the use of atmospheric layering by

procedure (2) produced adjustment factors which were equal to, or at most 0.1

decibel larger than, those calculated using the surface conditions of procedure
-+ (1). For the Learjct, the adjustment factor by procedure (2) was 0.9 decibels

LN .
i

gu‘ greater than by procedure (1) for PNLT and 0.5 decibels greater for AL,

‘ (6) With the exception again of the data from the Learjet test, the use
k' of the method of ANSI S1.26-1978 to calculate atmospheric absorption instead
of the method of SAK ARPB66A yielded adjustment factors that were larger by
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0.3 to 004 decibels,  For the Learjet data, the adiustment lactor by procedure

(1) was smaller than by procedure (2) by 0.2 declbels tor PNLT and by 0.8

declhets for ALy the difference of 0.6 dB was the recalt oy difterences in the

é calculated reference-day spectra as shown In Fig, 41,

; (7) Adjustment factors calculated by the band-center-frequency method of

; procedure (4) were identical to those calculated by the band-integration method

| of procedure (3) with one exception. That exception was DC-9 run 374 where the ]
; . factor by procedure (4) was 0.1 dB greater for PNLT than by procedure (3). |
4 f That single difference is not significant because of the rounding performed ;
: : !
b by the computer. g
‘ ;
L |
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5. CONCLUSIONS

1. The magnitude of the measured, test-time 1/3-octave-band sound pressurc
levels depends or (a) the spectrum of the sound at the source, (b) the length
of the sound propagation path, (¢) the meteorologleal conditions along the
path, and (d) the response characteristics of the bandpass (ilters used to
produce the measured 1/3-octave-band sound pressure levels, For measurements
made during an aircraft noise-certifi.ation test, decisions made by a particu-
lar organization regarding data acquisition and data processing, within the
various options available under FAR Part 36, also affect the measured 1/3-

octave-band sound pressure levels,

2. The magnitude and sign of the adjustments to Lhe measured, test-rime
1/3-octave-band sound pressure levels to determine equivalent band levels for
reference meteorologlcal conditions along the propagation path depen.d on the
cholce of analytical model for the atmospheric absorption of sound uand on
whether the test-time atmospheric conditions are represented by mereorological

data measured at the surface or aloft,

3. The study reported herc does not provide any fundamental data to assess
the validity of the atmospheric-absorption models given in American National
Standard ANSI S1.26-1978 and in SAE Aerospace Recommended Practice ARPB66A-1975.
However, the study does provide data that can be used to evaluate the magni-
tude of the differences in test-to-reference-day band-level adjustment factors

and the resulting changes in PNL, PNLT, EPNL, AL, and SEL.

4, For most cases, use of ANSI S51.26-1978 instead of SAE ARPB66A-1975
to calculate atmospheric-absorption losses along the sound propagation path
will probably yield higher reference~day levels by an amount ranging from
zero to 0.5 decibels., The maximum increase will probably not exceed one decibel
for frequency-weighted or time-integrated quantities associated with the sound
spectra and meteorological conditions of practical interest for aircraft

noise certification.

5. However, in some cases, use of ANS1 §1.26-1978 may result in certifi-

cation noise levels which are lower than those calculated using SAE ARPB66A-1975.
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Examplee of cases where that result may occur include afreraft that generate
sound dominated by low- and mld-frequency acoustlce erergy.  Smaller test-to-
reference~day adjustment factors from us ol ANST S1.26-1978 will be noted

when the noise from sueh a source s measurced under highly absorptive test-time
atmospheric condition: after propagation over a relatively long path such as
the paths occurring at the tzkeoff and sideline noise-certification measuring
points. Again, the differences in certification noise levels that may result
from use of the different atmospheric-absorption models will probably not be

more than one decibel.

6. Using meteorological data measured aloft at closely spaced height
Intervals produces better estimates of atmospheric-absorption losses under
actual test conditions than does the assumption that the meteorologlcal condi-
tlons measured near the surface adequately represent conditions all alopy,

the length of the propagation path,

7. With meteorological data measured at various heights above ground level
and an atmospheric layering procedure, the calculated atmospheric~absorption
losses over the sound propagation path will produce test-to-reference~day adjust-
ment factors that are, in general, preater than those calculated using only
the meteorological conditions measured near the surface (e.g., at a height of
10 meters). Generally, the difference in adjustment factors for frequency-
welghted or time-integrated quantities should be between zero and 0.5 declbels
for mest cases, The maximum difference is expected to be approximately one
decibel. ¥or tive of the six test vases examined here, the atmospheric-absorp-
tion adjustment factors calculated using the atmospheric-layering method ranged
from zero to 0.1 dB greater than those calculated using only the surface metcor-
ological conditions. For the sixth case with the data from the Learjet test,

the difference was 0.9 dB for PNLT (or EPNL) and 0.5 dB for AL (or SEL).

8. [For the four 1/3-octave bands with nominal band-center frequencies
ranging from 5000 to 10,000 Hz, ca'culation of atmospheric-absorption losses
by substituting the nominal lower bandedge cutoff frequency for the band-center
frequency did not provide as good an escimate of the actual atmospheric-absorp-
tion losses as did the use of the band-center frequency for moderately absorp-

tive conditions and moderate pathlengths.
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9. Except for measured sound spectra having very rapid high-frequency
rolloff rates (resulting, for example, from an aircraft that generates rela-
tively little high-frequency sound, or from measurements made under very
: absorptive conditions or at long distances, or a combination of those factors),
4 a band-center~frequency method provides as accurate an estimate of atmos-
pheric-absorption losses as does a band-integration methud for 1/3-octave-

band sound pressure levels with center frequencies to 10,000 Hz.

4 ) ' 10. For measured sound spectra with rapid bigh-frequency rolloff rates,

a band-integration method provides a more-accurate estimate of the high-

frequency atmospheric-~absorption loss over tiie length of the propagation path

than does the band-center-{requency method,

TS e S TN T ey
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11. Test-to-reference-day adjustment factors for high-frequency sound

E ‘ pressure levels are generally larger when using the band-center-frequency
method than the band-integration method. The magnitude of the difference

b depends on frequency, pathlength, and metecrological conditions. Typical

maximum differences (at the highest band center frequency for which data were

available) were of the order of 0.5 decibel for the test cases examined for

this study.
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12, For band-center frequencies from 500 to 2000 Hz, the test-to-refer~

X ence~day adjustment factors for the 1/3-octave~band sound pressure levels are
smaller (l.e., more nepgative) when determined using the method of ANSI §1.26-1978
tuv calculate absorption losses than using the method of SAE ARP866A-1975.

13. For band-center frequencies greater than 2000 Hz, test-to-reference-
day adjustment factors calculated using the method of ANSI S§1.26-1978 are
generally larger (i.e., more positive) than those calculated using the method
3 ol SAFI ARP866A-~1975, though comparisons here are complicated by the use of
9 the nominal lower bandedpe frequency to calculate the absorption loss over

' a band in the SAE ARPE66A method for the 5000 to 10,000 Hz bands.

14. Because of finfte clectrical rejection capability in the stopbands,

o cenilih,

1 currently available 1/3-octave-band filters (analog or digital) can indicate

hipher sound pressure levels than equivalent fdeal filters because of energy
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ﬁ transmitted through the stopbands, particularly the lower stopbands for high-

frequency sound pressure levels. Real-fllter effects are encountered most often
3 when attempting to measure sound pressure signals that have propagated over a
i long propagation path through a relatively absorptive atmosphere such that the 1
% high~-frequency portion of the sound pressure spectrum decreases rapidly with }
1 frequency. If the influence of real-filter effects is not recognized and removed
E before attempting to adjust the measured high-frequency sound pressure levels
§ from test-time to reference-day cnnditions, then the adjusted reference-day
i
3 . sound pressure levels will be incorrect. The magnitude of the error can be manv
é : decibels.
i .
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